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ABSTRACT 
 
 Research was conducted from the fall of 2016 to the fall of 2018 to characterize and 
manage PPO- and glyphosate-resistant Palmer amaranth (Amaranthus palmeri S. Wats). Studies 
included a multi-county survey to determine the prevalence of PPO-resistant Palmer amaranth 
biotypes and the PPX2 mutations that confer PPO resistance, an in-field evaluation of control of 
PPO-resistant and PPO-susceptible Palmer amaranth populations with herbicide treatments 
applied at either sunrise or midday, and field studies that evaluated cover crop termination for 
control of Palmer amaranth in Roundup Ready Xtend® and Liberty Link® soybean systems 
[(Glycine max (L.) Merr.]. 
Results from this research indicate that PPO-resistant Palmer amaranth infests roughly 
80% of west Tennessee fields, at least two herbicides with different, effective sites of action 
should be applied timely for POST herbicidal control of PPO-resistant Palmer amaranth, and that 
delaying cover crop termination in both Roundup Ready Xtend® and Liberty Link® soybeans can 
effectively reduce in-season POST applications and maximize Palmer amaranth control if the 
correct residual herbicide is included at planting timing. 
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CHAPTER I: 
CHARACTERIZATION AND MANAGEMENT OF PPO AND 
GLYPHOSATE RESISTANT PALMER AMARANTH 
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Introduction 
 
Sole reliance on herbicides for weed control has resulted in numerous cases of herbicide-
resistant weeds (Young 2006; Heap 2017). A very problematic weed in the United States, Palmer 
amaranth (Amaranthus palmeri S. Wats.), has evolved resistance to six different herbicide modes 
of action (Heap 2017). The development of glyphosate-resistant (GR) Palmer amaranth has 
forced soybean and cotton producers to heavily rely on alternative herbicide modes of action in 
their management systems, particularly the increased use of protoporphyrinogen oxidase (PPO)-
inhibiting herbicides (Sosnoskie and Culpepper 2014; Cahoon et al. 2015). Ultimately, this has 
led to PPO-resistant Palmer amaranth (Heap 2017).  
The utilization of cover crops and new herbicide-resistant crops can be effective 
alternatives for managing multiple-resistant Palmer amaranth and other problematic weeds 
(Culpepper et al. 2000; Ryan et al. 2011; DeVore et al. 2013; Cahoon et al. 2015; Wiggins et al. 
2015, 2016; Montgomery et al. 2017). Although these practices can be successful, the loss of 
herbicide options for control of Palmer amaranth due to herbicide resistance is proliferating 
(Heap 2017). This has demonstrated the need for research on how to steward herbicides in cover 
crop systems to lower selection pressure for the remaining effective herbicide options on PPO-
resistant Palmer amaranth.  
Minimizing herbicide applications in cover crop systems can be conducive for protecting 
new herbicide-tolerant crop technologies. Researchers have shown in dicamba + glyphosate 
tolerant (DGT) soybeans, delaying cover crop termination 10 to 14 days after planting can 
suppress glyphosate-resistant (GR) Palmer amaranth 37 to 40 days after planting before reaching 
10 cm in height or the need for herbicide application (Montgomery et al. 2017). Furthermore, the 
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timing of application should be considered as this affects postemergence (POST) control of PPO-
resistant Palmer amaranth (Sellers et al. 2004; Mohr et al. 2007; Meyer et al. 2016a; 2016b). 
Optimizing herbicide efficacy will prevent sequential applications and reduce selection pressure 
for additional herbicide resistance in Palmer amaranth. 
Palmer amaranth 
 
 Palmer amaranth is currently characterized as the most troublesome and economically 
damaging weed in the United States (Beckie 2011; Van Wychen 2016). The summer annual 
broadleaf plant has rapid erect growth characteristics, a deep root system and high water use 
efficiency (Davis et al. 1964). The photosynthetic rate of Palmer amaranth is the highest among 
C4 plants and translates to rapid growth of more than 5 cm/d (Ehleringer 1983; Horak and 
Loughin 2000). Palmer amaranth is one of a distinct subgroup of 10 dioecious species within the 
Amaranthus family that are native to North America (Steckel 2007; Ward et al. 2013). 
Furthermore, female Palmer amaranth plants are prolific seed producers and can produce up to 
600,000 seeds per plant in the absence of competition (Keeley et al. 1987; Ward et al. 2013). 
These characteristics enable Palmer amaranth to effectively compete with and reduce yields in 
agronomic crops (Klingaman and Oliver 1994; Rowland et al. 1999; Massinga et al. 2001; 
Morgan et al. 2001; Moore et al. 2004).  
 Development of herbicide-resistant biotypes have further contributed to the success of 
Palmer amaranth infestations in row crops (Steckel 2007). Currently, Palmer amaranth biotypes 
have evolved resistance to six herbicide modes of action (Heap 2017). Prior to the introduction 
of glyphosate-resistant (GR) crops, Palmer amaranth had evolved resistance to microtubule 
inhibiting herbicides, acetolactate synthase (ALS) inhibiting herbicides and photosystem II 
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inhibiting herbicides (Padgette et al. 1995; Culpepper and York 1998; Heap 2017). The 
widespread adoption of GR crops allowed producers to shift away from weed management 
programs that incorporated tillage practices and residual herbicides towards an over-reliance on 
glyphosate for season-long weed control (Culpepper 2006; Young 2006). Subsequently, 
confirmation of the first glyphosate-resistant (GR) Palmer amaranth biotype was reported in 
2004 and has spread amongst agronomic states in the U.S. (Culpepper et al. 2006; Heap 2017). 
Since that time, glyphosate-resistance has caused a prevalent loss of postemergence  herbicide 
control options in many agronomic crops.  
Successful herbicide programs for controlling Palmer amaranth have consisted of 
multiple effective modes of action and sequential applications of residual herbicides for season-
long control (Riar et al. 2013; Cahoon et al. 2015). Furthermore, an increased use of 
protoporphyrinogen oxidase (PPO)-inhibiting herbicides both preemergence (PRE) and 
postemergence (POST) has been a necessity in agronomic crops for control of Palmer amaranth 
(Whitaker et al. 2010; Sosnoskie and Culpepper 2014; Cahoon et al. 2015). Consequently, 
Palmer amaranth in Arkansas, Tennessee and Illinois has recently been confirmed resistant to 
PPO inhibitors (Heap 2017). The loss of this mode of action has directed research into alternative 
measures to sustainably manage the current, effective technologies while effectively combating 
Palmer amaranth. 
PPO Resistance 
 
Protoporphyrinogen oxidase (PPO) inhibiting herbicides have been used for over 50 
years, primarily to control broadleaf weed species in soybean [Glycine max (Merr.)], peanut 
(Arachis hypogaea L.), cotton (Gossypium spp.), rice (Oryza sativa L.) and other crops 
5 
 
(Matsunaka 1976; Matringe et al. 1989). These herbicides cause peroxidative degradation of 
cellular constituents that result in rapid bleaching and desiccation of green tissue (Orr and Hess 
1982; Duke et al. 1991). The inhibition of the enzyme, protoporphyrinogen IX oxidase, disrupts 
the conversion of protoporphyrinogen IX to protoporphyrin IX (Duke et al. 1991). As a result, 
uncontrolled autooxidation occurs leading to an accumulation of protoporphyrin IX (Duke et al. 
1991). Protoporphyrin IX is a potent photosynthesizer that produces large amounts of singlet 
oxygen (Duke et al. 1991). Furthermore, it is the primary photodynamic pigment responsible for 
herbicidal activity (Duke et al. 1991). 
 The use of PPO-inhibiting herbicides has increased dramatically in the midsouthern 
United States due to glyphosate-resistant weeds, specifically Palmer amaranth (Sosnoskie and 
Culpepper 2014; Cahoon et al. 2015; Salas et al. 2016). Consequently, the first report of a PPO-
resistant Palmer amaranth biotype was reported in Arkansas, followed by reports of PPO-
resistant biotypes in Tennessee and Illinois (Heap 2017). Previous reports have identified PPO 
resistance in nine other weed species, including tall waterhemp (Amaranthus tuberculatus L.) 
which has been documented widely throughout the Midwestern U.S. (Shoup et al. 2003; Heap 
2017). 
 The mechanism of resistance in tall waterhemp is described by a deletion, caused by the 
loss of three consecutive nucleotides, of glycine residues at position 210 (ΔG210) of the PPX2 
gene (Patzoldt et al. 2005; Giacomini et al. 2017). More recently, PPO-resistant Palmer amaranth 
biotypes from both Tennessee and Arkansas revealed the presence of two new mutations at the 
R128 residue, one conferring an R128G and the other conferring an R128M amino acid 
substitution, referred to as R98, R98G, and R98M in Giacomini et al. 2017, respectively 
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(Giacomini et al. 2017). These mutations are similar to those found in common ragweed 
(Ambrosia artemisiifolia L.), where the mutation conferred an R98L substitution (Rousonelos et 
al. 2012; Giacomini et al. 2017).  
Tranel et al. (2017) provided the first report of an R128 mutation in the presence of the 
ΔG210 mutation in Amaranthus spp. The intense use of PPO-inhibitng herbicides speaks to why 
multiple mutations have evolved. However, biotypes in this study that were not controlled by 
fomesafen had neither the ΔG210 mutation nor the R128 mutation. This would suggest at least 
one more resistance mechanism is present in Tennessee Palmer amaranth (Giacomini et al. 
2017). Research is needed to identify the known and unknown mechanisms of PPO resistance 
and the distribution throughout Tennessee. Rapidly identifying PPO-resistance within the field is 
critical. If present, timely alternative weed control measures can be utilized to control PPO-
resistant Palmer amaranth. 
Cover Crop Management for Weed Control 
 
With an increase of herbicide resistant weed species and uncertainty about the 
commercialization of new herbicide modes of action, there is a critical need for biological, 
cultural and mechanical weed control measures (Norsworthy et al. 2012; Heap 2017). Cover 
crops are a viable option for agriculture (Teasdale 1996). Cover crops improve soil moisture 
retention, water infiltration, organic matter content, soil nitrogen, reduce soil erosion, and can 
suppress weeds (Teasdale 1996; Yenish et al. 1996; Mallory et al. 1998; Varco et al. 1999; 
Reddy et al. 2003). Cereal rye (Secale cereal L.), oats (Avena sativa L.), hairy vetch (Vicia 
villosa L.), ryegrass species (Lolium spp.), winter wheat (Triticum aestivum L.), and clover 
species (Trifolium spp.) are used as cover crops for weed suppression (Bowman et al. 1998; 
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Koger et al. 2004; Mirsky et al. 2011; Reddy 2001). The goal of utilizing winter annual cover 
crops for weed control is to replace an unmanageable weed population with a manageable cover 
crop (Teasdale 1996). Cover-crop residue inhibits weed germination by reducing light and 
temperature (Teasdale and Mohler 1993). Research has shown that decomposition processes of 
cover crop residues release phytotoxins that inhibit germination and early growth of weeds 
(Yenish et al. 1995; Blackshaw et al. 2001; Davis and Liebman 2003). In addition, cover-crop 
mulches can provide a non-chemical practice to decrease herbicide use and reduce the impact of 
weed interference on soybean yields (Moore et al. 1994). 
Weed management programs that utilize cover crops reduce tillage and herbicide use 
throughout the growing season (Mirsky et al. 2011). Appropriate management of cover crops is 
critical for optimizing weed suppression. Increasing the cover crop biomass directly correlates 
with increased weed suppression (Teasdale et al. 1991; Mirsky et al 2011; Ryan et al. 2011). 
Management factors such as seeding rate, planting date, and termination date can affect both 
biomass and weed germination rates. Ryan et al. (2011) found that increased seeding rates of 
cereal rye did not increase cover-crop biomass; however, weed biomass reductions were 
observed. Planting cover crops in the early fall compared to later planting dates will produce 
more cover crop biomass (Mirsky et al. 2011). Timing of a cover crop termination can affect 
weed density. Terminating cover crops later in the growing season will decrease weed densities 
of some broadleaf and grassy weeds (Mirsky et al. 2011). Delaying termination of cover crop 
species allows for greater biomass production resulting in extended weed suppression during the 
growing season (Coulter and Nafzinger 2007). Non-selective herbicides, such as glyphosate, 
glufosinate, or paraquat are utilized for cover crop termination (Montgomery et al. 2016). Failure 
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to control the cover crop can cause early season weed competition with the following crop and 
lead to a yield loss in the following crop (Fisk et al. 2001; Tharp and Kells 2001; Mirsky 2008). 
Cover crop mixtures optimize the benefits associated with using a cover crop (Creamer et 
al. 1992). Combining certain species achieves a broader spectrum of weed control and, 
depending upon species, may release several allelochemicals that have synergistic effects in 
inhibiting weed seed germination (Creamer et al. 1996; Einhellig 1987). Teasdale et al. (1991) 
reported cereal rye and hairy vetch reduced total weed density 78% in no-till systems where 
cover crop biomass exceeded 300 g m-2. Cereal rye and vetch combined can both effectively 
suppress winter annual weeds and provide a source of fixed nitrogen for the following crop 
(Hayden et al. 2012). Previous research has shown cover crop mixtures can reduce herbicide 
applications in the growing season of the following crop (Montgomery et al. 2017). Planting 
soybeans into a green cover crop mixture that will be terminated 10 to 14 days after planting 
(DAP) has not affected soybean yield and suppress Palmer amaranth reaching 10 cm in height, 
up to 40 days after cover crop termination (Montgomery et al. 2017).  
Research is needed to determine the optimal timing of cover crop termination, including 
termination after soybean planting, and if a residual herbicide can be tank-mixed with the 
effective postemergence herbicides to provide season long control of Palmer amaranth in a one-
pass approach. Furthermore, with the introduction of PPO-GR Palmer amaranth in Tennessee, 
experiments will need to utilize both glyphosate + dicamba tolerant (GDT) and glufosinate 
tolerant soybean technologies. This research will provide information on managing GDT and 
glufosinate tolerant soybeans in cover crop systems while reducing herbicide applications to 
avoid further selection pressure on Palmer amaranth. 
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Application Time of Day Effect 
 
Many environmental factors can affect herbicide performance (Weber et al. 1965; 
Coetzer et al. 2001; Ramsey et al. 2002; Kumaratilake and Preston 2004). However, the time of 
day (TOD) of application can also influence herbicide performance (Weber et al. 1965; Stewart 
et al. 2009). The TOD effect is weed species (Lee and Oliver 1982; Fausey and Renner 2001) 
and herbicide (Doran and Andersen 1976; Miller et al. 2003; Stewart et al. 2009) specific. 
Research has shown that photosystem II inhibiting herbicides have greater control of common 
ragweed (Ambrosia artemisiifolia L.) and common lambsquarters (Chenopodium album L.) 
between 9:00 and 18:00 h as opposed to applications made at 6:00 or 21:00 h (Stewart et al. 
2009). However, dicamba/diflufenzopyr applications provided greater than 95% control of 
common ragweed, common lambsquarters and redroot pigweed (Amaranthus retroflexus L.) 
regardless of TOD (Stewart et al. 2009). 
It has been consistently demonstrated that glufosinate requires a certain amount of light 
for adequate weed control (Kocher et al. 1983; Andersen et al. 1993; Martinson et al. 2005; 
Sellers et al. 2004; Stewart et al. 2009). In both field and greenhouse trials, plant biomass of 
weeds treated with glufosinate near sundown was at least 35% greater compared to daytime 
applications (Doran and Andersen 1976; Martinson et al. 2002). Sellers et al. (2004) found that 
velvetleaf (Abutilon theophrasti L.), with fixed leaf angles, control was greater when glufosinate 
was applied during the day. Significant glutamine synthetase inhibition only occurred during 
applications made during the light period, and ammonium accumulation levels were greater in 
plants treated with glufosinate at 1400 h than in those treated at 2200 h; hence, better glufosinate 
activity when applied during the day (Sellers et al. 2004). 
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Multiple herbicide-resistant Palmer amaranth has become the most troublesome weed in 
the United States. (Van Wychen 2016). Herbicide that are used in glufosinate, dicamba, or 2,4-D 
tolerant crops are effective on Palmer amaranth (Keeling et al. 1989; Steckel et al. 2006; 
Merchant et al. 2014; Cahoon et al. 2015). In Tennessee, where 75% of the hectarage is in no-till 
production, herbicides are the main source of weed control (Anonymous 2017). Additionally, 
application parameters that affect herbicide performance are crucial in conservation or no-tillage 
systems. Given the current rate of weeds evolving resistance to herbicides, reducing herbicide 
applications will reduce selection pressure of available, effective herbicides (Heap 2017). 
Research is needed to evaluate TOD effects on the efficacy of PPO-resistant and -
susceptible Palmer amaranth biotypes with effective herbicide sites of action. Furthermore, 
investigating the herbicidal tolerance of PPO-resistant biotypes as research has shown that these 
biotypes are more difficult to control POST. Data addressing these application parameters will be 
essential for conserving current and future technologies. 
Conclusion 
 
Following confirmation of glyphosate-resistant Palmer amaranth across the southern 
United States, growers began to rely on protoporphyrinogen oxidase (PPO) inhibiting herbicides 
for control. Overreliance on this mode of action for both pre and postemergence control has 
selected for PPO-resistant Palmer amaranth in Arkansas, Tennessee and Illinois. New mutations 
of PPO-resistance have been found within these Palmer amaranth biotypes and some 
mechanisms are currently unknown. Additionally, GR weed species are increasing, and new 
herbicide modes of action are not being introduced into the market. Alternative weed control 
measures are critical for protecting current weed control technologies such as dicamba, 2,4-D, 
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and glufosinate tolerant crops. In areas such as west Tennessee, the focus of alternative weed 
control measures are based around no-till or reduced tillage practices. Historically in reduced 
tillage systems, herbicides are the primary source of weed control. However, winter cover crops 
have shown to effectively suppress Palmer amaranth, especially when terminated after soybean 
planting. Although suppression of Palmer amaranth suppression with cover crops has been 
documented, selection pressure for further herbicide resistance is still of concern. Research is 
needed to develop strategies to properly manage PPO-resistant Palmer amaranth. Additionally, 
research is needed to determine effective methods for controlling Palmer amaranth by reducing 
the number of herbicide applications and sustaining current weed control technologies. 
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Abstract  
 
Protoporphyrinogen IX oxidase (PPO)-inhibiting herbicides (WSSA Group 14) have been used 
in agronomic row crops for over 50 years. Broadleaf weeds, including glyphosate-resistant 
Palmer amaranth (Amaranthus palmeri), have been controlled by this herbicide site of action 
preemergence and postemergence. Recently, Palmer amaranth populations were reported 
resistant to PPO inhibitors in 2011 in Arkansas, 2015 in Tennessee and 2016 in Illinois. 
Historically, the mechanism for this resistance involves the deletion of a glycine at position 210 
(ΔG210) in a PPO enzyme encoded by the PPX2 gene; however, the ΔG210 deletion did not 
explain all PPO-inhibitor-resistant Palmer amaranth in Tennessee populations. Recently, two 
new mutations within PPX2 (R128G, R128M) that confer resistance to PPO inhibitors were 
identified in Palmer amaranth. Therefore, research is needed to document the presence and 
distribution of the three known mutations that confer PPO-inhibitor resistance in Tennessee. In 
2017, a survey was conducted in 18 fields with Palmer amaranth to determine whether resistance 
existed and the prevalence of each known mutation in each field. Fomesafen was applied at 265 
g ai ha-1 to Palmer amaranth infestations within each field to select for resistant weeds to later 
analyze. Where resistance was described, 70% of surviving plants, the ΔG210 mutation was 
detected in 47% of resistant plants. The R128G mutation accounted for 42% of resistance, 
similar to the frequency of the ΔG210 mutation. The R128M mutation was less frequent than the 
other two mutations, accounting for only 10% of the resistance. All mutations detected in this 
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study were heterozygous. Additionally, no more than one of the three PPX2 mutations were 
detected in an individual surviving plant. Similar to previous research, ~70% of PPO-resistance 
was accounted for by these three known mutations, leaving ~30% of resistance not characterized 
in Tennessee populations. Survivors not showing the three known PPO mutations suggest other 
resistance mechanisms are present. 
 
Introduction 
 
Protoporphyrinogen IX (PPO)-inhibiting herbicides have been used for weed control in 
many row crops for over 50 years. Many troublesome broadleaf weeds, particularly weeds 
resistant to acetolactate synthase (ALS) inhibitors and glyphosate, are controlled by PPO 
inhibitors applied PRE and POST in soybean (Glycine max (L.) Merr.) and cotton (Gossypium 
hirsutum L.). In recent years, PPO resistance (PPO-R) in Palmer amaranth (Amaranthus palmeri 
S. Watson) has been in confirmed in Arkansas, Tennessee, and Illinois in 2011, 2015, and 2016, 
respectively (Heap 2018).  
 Waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] (syn. rudis) was the first weed 
species reported to be resistant to PPO-inhibiting herbicides (Heap 2018). To date, PPO-R 
waterhemp has been well documented and infests most of the midwestern United States (Heap 
2018). The most common mechanism of resistance in PPO-R waterhemp is a codon deletion of a 
glycine residue at the 210th position (ΔG210) of a PPO gene (Patzoldt et al. 2006). This deletion 
destabilizes the α-8 helix-capping region, unravelling the last turn of the helix, which enlarges 
the active site cavity by ~ 50% (Dayan et al. 2010). Salas et al. (2016) documented this same 
mechanism of resistance to PPO-inhibitors in Palmer amaranth in Arkansas. In a statewide 
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survey of Arkansas, researchers found only 55% of PPO-R Palmer amaranth plants carried the 
ΔG210 mutation (Salas-Perez et al. 2017). Additionally, a survey of west Tennessee in 2016 (15 
counties) found that only 40% of fields infested with PPO-R Palmer amaranth could be 
accounted for by the ΔG210 mutation (unpublished data). The ΔG210 mutation in the 2016, west 
Tennessee survey was detected using methods described in Wuerffel et al. (2015). Subsequent to 
the aforementioned surveys in Arkansas and Tennessee, Giacomini et al. (2017) reported two 
new mutations associated with PPO-R in Palmer amaranth. 
 In addition to the ΔG210 mutation, two new mutations that encode for a glycine (R128G) 
or a methionine (R128M) instead of an arginine at the 128th (R128) (referred to as R98 in 
Giacomini et al. 2017) amino acid residue have been discovered (Giacomini et al. 2017; Varanasi 
et al. 2017). The R128 amino acid residue is homologous to common ragweed’s (Ambrosia 
artemisiifolia L.) R98, where a leucine substitution conferred resistance to fomesafen 
(Rousonelos et al. 2012; Salas-Perez et al. 2017). The ΔG210 mutation, R128G, and R128M 
mutations in Palmer amaranth were identified in accessions from Arkansas and Tennessee 
(Giacomini et al. 2017). Likewise, Giacomini et al. (2017) found that an accession from 
Arkansas exhibited segregation for both the ΔG210 and R128G mutation in different plants. 
After further investigation, this population from Woodruff County, Arkansas was shown to 
exhibit cross-resistance to PPO-inhibiting herbicides from five different chemical families 
(Schwartz-Lazaro et al. 2017). 
 Since the discovery of the R128G and R128M mutations, researchers have indicated the 
importance of identifying the specific mutation(s) within a population where cross-resistance of 
PPO-inhibiting herbicides is possible (Schwartz-Lazaro et al. 2017). Growers should be aware of 
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the mutations associated within their PPO-R populations and the potential for reduced herbicide 
activity present within these populations. In 2017, a survey of 18 fields in west Tennessee was 
conducted to determine the distribution of the three PPX2 mutations associated with PPO-R 
Palmer amaranth. Understanding the distribution and prevalence of these PPX2 mutations could 
persuade growers to utilize integrated weed management strategies to avoid further herbicide 
resistance spread and development. 
Materials and Methods 
Plant Material 
Palmer amaranth infestations in grower fields, ranging from 50 to 150 plants location-1, 
were randomly selected across west Tennessee for this survey. Eight- to 10-cm plants were 
treated with 265 g ai ha-1 of fomesafen (Flexstar® 1.88 EC; Syngenta Crop Protection Inc., 
Greensboro, NC) plus 0.5% v/v nonionic surfactant (Activator 90, Loveland Products Inc., 
Greeley,CO) to select for fomesafen-resistant plants. Field locations, based on the geographic 
location within west Tennessee, were categorized as: North, Central, or South region (Table 1). 
At 3 to 5 d after treatment (DAT), plants were scored resistant or susceptible based on response 
of Palmer amaranth (Table 1; Figure 1). A population was considered resistant if plants with a 
surviving apical meristem were present following the fomesafen application. Tissue from new 
leaf growth (1.5 cm2) from up to 10 randomly selected Palmer amaranth plants at each surviving 
population were placed into separate 1.5 mL microfuge tubes and stored at -80°C until use. 
Using a CTAB (cetyltrimethylammonium bromide) protocol, genomic DNA from plant tissue of 
surviving plants was extracted for further analysis to detect the three known PPX2 mutations 
(Doyle and Doyle 1987). For each location, the frequency of each mutation was expressed as 
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percentage of the individuals sequenced within that given field. If none of the threes mutations 
were detected within a field, the frequency was expressed as percent (%) not characterized. All 
maps in this paper were created using ArcMap 10.5 (ESRI, Redlands, CA). 
PPX2 ΔG210 assay  
The presence of the ΔG210 mutation was detected using a modified version of the 
Wuerffel et al. (2015) TaqMan qPCR assay. The assay determines whether a plant is wild type or 
heterozygous/homozygous for the ΔG210 mutation using allele-specific probes (Giacomini et al. 
2017). This modified version of the assay uses new primers that recognize both Palmer amaranth 
and waterhemp PPX2 sequence, PA-tqF1 (5’-TGATTATGTTATTGACCCTTTTGTTGCG -3’) 
and PA-tqR1 (5’-GAGGGAGTATAATTTATTTACAACCTCCAGAA -3’) (Giacomini et al. 
2017). 
dCAPs assay for detection of the R128G and R128M mutations  
Giacomini et al. (2017) developed a derived cleaved amplified polymorphic sequences 
(dCAPs) assay to rapidly identify the presence or absence of R128 PPX2 mutations within 
Palmer amaranth. R128G and R128M (referred to as R98G and R98M in Giacomini et al. 2017) 
substitutions are conferred by changes at two different nucleotide positions in the PPX2 
sequence; therefore, two dCAPS assays were used. Each assay required a nested PCR approach 
using the AmPPX2LpcF1 (5’- TCCATTACCCACCTTCACC -3’) and AmPPX2LspR1 (5’- 
TTACGCGGTCTTCTCATCCAT -3’) primers followed by a second amplification using dCAPS 
primers. The R128M mutation was detected using the dCAPS primers R128-F (5’- 
CTTGGATACGTGAGAAGCAACAGTTG -3’) and R128-R (5’- 
TAGCAACGGAAGACCATCTCTATCTAGGTAC -3’). The same forward primer (R128-F) 
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was used in conjunction with an additional reverse primer R128G-R (5’- TAGCAACG-
GAAGACCATCTCTATCTATGAAGC -3’) to detect the R128G mutation. The PCR products 
were mixed with one unit of the appropriate restriction enzyme (KpnI-HF for R128M and 
HindIII-HF for R128G, NEB #R3142S and #R3104S) into 1 x CutSmart Buffer (New England 
BioLabs, Inc., Ipswich, MA) and digested overnight (approximately 12 hours) at 37°C. Fully, 
partially and non-digested products were scored as wild type, heterozygous and homozygous 
mutants, respectively. 
Results and Discussion 
 
Complete Palmer amaranth control, i.e. 100% mortality, was noted at LC3, OC2, and 
SC2 field locations (Table 1; Figure 1). PPO-susceptible fields were found in both the North and 
South region of west Tennessee. In contrast, 15 of the 18 fields tested (83%) had Palmer 
amaranth survive the fomesafen application. PPO-R Palmer amaranth was found in all regions 
(North, Central and South) (Table 1; Figure 1). These observations confirmed widespread 
resistance to fomesafen throughout west Tennessee. 
Genomic DNA of putative PPO-R Palmer amaranth from 15 fields was analyzed to detect 
if the ΔG210 resistance mechanism was associated with PPO-R. The ΔG210 mutation was 
detected in 11 of the 15 fields harboring PPO-R Palmer amaranth, with frequencies ranging from 
10 to 70% (Table 2; Figure 2). All individual plants containing the ΔG210 mutation were 
heterozygous. Of the three known PPX2 mutations, the ΔG210 deletion accounted for 47% of 
PPO-R Palmer amaranth described in this study (Figure 3). Plants from LC2 and OC1 had only 
the ΔG210 mutation. In both fields, the ΔG210 mutation was found in 70% of surviving plants 
(Table 2). However, seven fields (46%) with were found to contain both the ΔG210 mutation and 
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R128G mutation in separate PPO-R Palmer amaranth plants (Table 2; Figure 2). These findings 
are similar to observations in Arkansas, where Varanasi et al. (2017) noted 27% of accessions 
tested were segregated and harbored both the ΔG210 mutation and R128G or R128M mutations. 
The ΔG210 mutation was characterized in 41% of fields within the Central region of west 
Tennessee (Figures 1, 3 & 4).  
The R128G mutation was detected in 13 of the 15 fields tested (Table 2; Figure 2). 
Similar to the ΔG210 mutation, plants homozygous for R128G were not detected. The frequency 
of plants heterozygous for the R128G mutation ranged from 10 to 80% in 13 of the 15 fields 
tested (Table 2). Overall, the R128G mutation accounted for 42% of the PPO-R Palmer amaranth 
described in this study (Figure 3). In the North and Central region of west Tennessee, the R128G 
mutation was discovered in 29 and 20% of plants tested, respectively (Figure 4). The R128G 
mutation was identified in 43% of Palmer amaranth found in the South region of west Tennessee 
near Memphis, TN (Figures 1, 2 & 4). Likewise, the R128G mutation was identified in 55% of 
accessions from Crittenden and Lee Counties in Arkansas, which are also near Memphis, TN 
(Varanasi et al. 2017). The R128M mutation was discovered in 5 fields collectively representing 
all three regions of west Tennessee. (Table 2; Figure 2 & 4). As with the other two mutations, 
R128M was only found to be heterozygous. The R128M mutation only accounted for 10% of the 
PPO-R Palmer amaranth described in this study (Figure 3). However, in three fields both the 
R128G and R128M mutation were found in separate PPO-resistant Palmer amaranth plants 
(Table 2; Figure 2). Furthermore, at CC1 and GC1, all three known PPX2 mutations, ΔG210, 
R128G, and R128M, were identified in separate plants at frequencies of 38, 25, and 25% and 30, 
20, and 10%, respectively (Table 2; Figure 2).  
30 
 
Resistance of all surviving Palmer amaranth from each field was not successfully 
described by the three PPX2 mutations (Table 2; Figure 2). Depending on the field, the 
frequency of plants not containing one of the three PPX2 mutations ranged from 10 to 40% 
(Table 2). Similarly, Varanasi et al. (2017) reported 27 of 167 accessions not controlled by 
fomesafen did not contain any known PPX2 mutations. These data indicate the potential for an 
unknown target-site mutation or metabolic resistance in Midsouth Palmer amaranth populations 
(Salas-Perez et al 2017; Varanasi et al. 2017). It is interesting that none of the three known 
mutations were found in the homozygous state. A likely explanation for this is that evolution of 
resistance to PPO inhibitors is a relatively recent event.  
In west Tennessee, 15 of the 18 fields tested harbored Palmer amaranth plants that were 
not controlled by a POST fomesafen application, indicating fomesafen resistance is present in 
these fields. Furthermore, 11 of the 15 fields were characterized by the presence of at least two 
of the known PPX2 mutations. Schwartz-Lazaro et al. (2017) reported that a Palmer amaranth 
population with both the ΔG210 mutation and R128G mutation had cross-resistance to the five 
PPO-inhibitor chemical families when compared to a single susceptible Palmer amaranth 
biotype. In this study, researchers conducted a dose-response under greenhouse conditions with 
five PPO-inhibiting herbicides (flumioxazin, fomesafen, saflufenacil, sulfentrazone, and 
oxadizon) applied PRE and four PPO-inhibiting herbicides (flumioxazin, fomesafen, 
saflufenacil, and carfentrazone) applied POST. Complete control was achieved at the 8x rate for 
PPO-inhibiting herbicides applied PRE and 32x rate for herbicides applied POST (Schwartz-
Lazaro et al. 2017). Results from Schartz-Lazaro et al. (2017) indicate very clear cross-resistance 
to PPO-inhibiting herbicides applied POST to Palmer amaranth harboring both the ΔG210 and 
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R128G mutation. The results of our study coupled with those from Schwartz-Larazo et al. (2017) 
would suggest that the fomesafen resistant Palmer amaranth is also resistant to other PPO-
inhibiting herbicides.  
However, determining resistance to PRE applications of these herbicides would require 
further research to verify the findings in a greenhouse setting provided by Schwartz-Lazaro et al. 
(2017). In 2017, field research was conducted to evaluate the effectiveness of PPO-inhibiting 
herbicides applied PRE on PPO-R and PPO-S Palmer amaranth (Copeland et al. 2018). Effective 
dose values of flumioxazin, sulfentrazone, and saflufenacil for 75% control, ED75, of Palmer 
amaranth were greater at the PPO-R site compared to the PPO-S site 35 DAT. For instance, ED75 
values of flumioxazin at PPO-R site (121 g ai ha-1) were 10 times greater than the PPO-S site (12 
g ai ha-1) 35 DAT. However, ED75 values were similar for the aforementioned herbicides at both 
sites 21 DAT. These findings suggest that PPO-inhibiting herbicides applied PRE have efficacy 
on PPO-R Palmer amaranth. However, the contributions of the R128G and R128M mutations to 
PPO-inhibiting herbicides applied PRE and POST are still unknown for Palmer amaranth. 
Reports from preliminary greenhouse studies have provided that PPO-R waterhemp with the 
R128G mutation responded similarly to POST applications of fomesafen compared to PPO-R 
waterhemp with the ΔG210 mutation (Steppig et al. 2017; B Young, personal communication). 
Future research should investigate if the PPX2 mutations are affecting Palmer amaranth efficacy 
of other herbicide families. Moreover, if future research could determine if all PPX2 mutations 
provide Palmer amaranth the same level of resistance to fomesafen both PRE and POST applied, 
this could be useful in putting together Palmer amaranth management strategies.  
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Growers that have fields infested with similar glyphosate and PPO-R Palmer amaranth 
should use effective herbicide-resistant crops (i.e. glufosinate, dicamba, or 2,4-D resistant crops) 
with residual herbicides (e.g. chloroacetamides and triazines) that deliver multiple, effective sites 
of action targeting Amaranthus spp. However, sole reliance on herbicides for a weed 
management plan is not a sustainable practice (Norsworthy et al. 2012). Growers should use 
integrated weed management strategies to reduce selection pressure for further herbicide 
resistance. Incorporating cultural practices such as cover crops or narrow row spacing can 
suppress weeds while reducing the number of herbicide applications in a growing season (Jabran 
and Chauhan et al. 2018; Wiggins et al. 2016). 
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Appendix 
Table 1. Location, GPS coordinates, region in west Tennessee, and response of each field 
screened for PPO-R Palmer amaranth. 
Field Location (Field ID) GPS coordinates 
Region in 
west 
Tennessee 
Response 
to 
fomesafena 
    
Crockett County 1 (CC1) 35.7815444, -89.1339194 Central R 
    
Crockett County 2 (CC2) 35.6900639, -89.0050861 Central R 
    
Dyer County 1 (DC1) 36.1578722, -89.4892916 North R 
    
Dyer County 2 (DC2) 36.0191528, -89.5820472 Central R 
    
Fayette County 1 (FC1) 35.3292667, -89.6194001 South R 
    
Gibson County 1 (GC1) 35.9684472, -89.0833444 Central R 
    
Haywood County 1 (HC1) 35.5776251, -89.0796583 Central R 
    
Lake County 1 (LC1) 36.3681333, -89.4693751 North R 
    
Lake County 2 (LC2) 36.2133333, -89.5054472 North R 
    
Lake County 3 (LC3) 36.2347417, -89.5346027 North S 
    
Lauderdale County (LAC1) 35.7128917, -89.9208194 South R 
    
Madison County (MC1) 35.5211549, -89.9257086 Central R 
    
Obion County 1 (OC1) 36.4282001, -89.1163527 North R 
    
Obion County 2 (OC2) 36.2284333, -89.3682999 North S 
    
Shelby County 1 (SC1) 35.3810722, -90.0023777 South R 
    
Shelby County 2 (SC2) 35.1294972, -89.8288833 South S 
    
Tipton County 1 (TC1) 35.4570111, -89.9734805 South R 
    
Weakley County 1 (WC1) 36.2450944, -88.8795583 North R 
    
a Abbreviations: R, PPO-resistant (Field had surviving Palmer amaranth 3-5 days after 
application of 265 g ai ha-1 of fomesafen); S, PPO-susceptible (100% control of Palmer amaranth 
3-5 days after application of 265 g ai ha-1 of fomesafen). 
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Table 2. Percentage of the three PPX2 mutations among surviving Palmer amaranth 
populations of plants with three mutations known to confer resistance to 
protoporphyrinogen IX-oxidase-inhibiting herbicides. 
a 
Number of plants assayed, CC1, 8 plants; LC1, 9 plants; TC1, 9 plants, and WC1, 7 plants. Ten 
plants were assayed at other listed locations. 
 
  
Field 
ID 
Percentage of 
plants 
heterozygous for 
ΔG210 mutation 
Percentage of 
plants 
heterozygous for 
R128G mutation 
Percentage of 
plants 
heterozygous for 
R128M mutation 
Frequency of 
plants not 
characterized by 
a PPX2 mutation 
 %  
     
CC1a 38 25 25 12 
     
CC2 40 20 0 40 
     
DC1 0 40 20 40 
     
DC2 40 20 0 40 
     
FC1 60 10 0 30 
     
GC1 30 20 10 40 
     
HC1 70 10 0 20 
     
LC1a 0 33 33 33 
     
LC2 70 0 0 30 
     
LAC1 40 40 0 20 
     
MC1 30 30 0 40 
     
OC1 70 0 0 30 
     
SC1 10 80 0 10 
     
TC1a 0 44 22 34 
     
WC1a 0 72 0 28 
     
Overall 
Average 
33.2 29.7 7.3 29.8 
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Figure 1. Field locations in west Tennessee where Palmer amaranth populations were 
treated with fomesafen at 265 g ai ha-1. At 3-5 d after treatment, fields were determined as 
a resistant or susceptible population. If the population was resistant, plant material from 
10 plants was collected for gDNA extraction. PPO-R, PPO-resistant Palmer amaranth; 
PPO-S, PPO-susceptible Palmer amaranth.  =PPO-R,  = PPO-S.  
  
39 
 
 
Figure 2. Distribution of PPX2 mutations in Palmer amaranth from west Tennessee. A 
TaqMan qPCR assay was used to detect the presence of ΔG210 mutation in the PPX2 gene 
and dCAPs assays were used for detection of the R128G and R128M mutations in the PPX2 
gene of Palmer amaranth. PPO-Resistance Mutations: ΔG210 (●), R128G (♦), ΔG210 & 
R128G (▼), R128G & R128M ( ), ΔG210 & R128G & R128M ( ) 
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Figure 3. Frequency of each PPX2 mutation among Palmer amaranth plants identified as 
resistant to fomesafen within west Tennessee. A TaqMan qPCR assay was used to detect 
the presence of ΔG210 mutation in the PPX2 gene and dCAPs assays were used for 
detection of the R128G and R128M mutations in the PPX2 gene of Palmer amaranth. 
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Figure 4. Frequency of each PPX2 mutation among Palmer amaranth plants identified as 
resistant to fomesafen herbicides within three regions of west Tennessee. A TaqMan qPCR 
assay was used to detect the presence of ΔG210 mutation in the PPX2 gene and dCAPs 
assays were used for detection of the R128G and R128M mutations in the PPX2 gene of 
Palmer amaranth. 
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CHAPTER III: HERBICIDE EFFICACY ON PPO-RESISTANT AND -
SUSCEPTIBLE PALMER AMARANTH VARIES WITH APPLICATION 
TIME OF DAY 
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Abstract 
 
A study was done to evaluate the effect of application time of day (TOD) on the efficacy of 
commonly used herbicides applied on protoporphyrinogen IX oxidase (PPO)-inhibiting, 
herbicide-resistant Palmer amaranth in Tennessee in 2017 and 2018. Treatments of fomesafen, 
lactofen, acifluorfen, paraquat, glufosinate, glufosinate plus fomesafen, paraquat plus fomesafen, 
and paraquat plus metribuzin were applied on PPO-resistant (PPO-R) and -susceptible (PPO-S) 
Palmer amaranth at different times of the day (sunrise and midday) and were analyzed 
separately. Control of Palmer amaranth with acifluorfen, glufosinate, and glufosinate plus 
fomesafen was greatest from the midday application. However, control of Palmer amaranth with 
paraquat-based treatments was greatest from the sunrise application. TOD effects on herbicide 
treatments were more prominent on the PPO-R Palmer amaranth biotype. The TOD effect on 
glufosinate could be minimized by adding fomesafen to the tank mix; however, this strategy did 
not provide consistent control of PPO-R Palmer amaranth. Control of Palmer amaranth plant 
treatment escapes and control were more consistent when paraquat plus metribuzin was applied 
to the two biotypes. These results highlight the necessity of recommending two or more effective 
herbicide sites of action for POST applications intended for controlling PPO-R Palmer amaranth. 
Additionally, herbicide application time can affect performance on PPO-R Palmer amaranth 
populations. 
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Introduction 
 
Palmer amaranth (Amaranthus palmeri S. Wats) resistance to protoporphyrinogen IX 
oxidase (PPO)-inhibiting herbicides (WSSA Group 14) has complicated chemical control tactics 
in the mid-South (Giacomini et al. 2017; Heap 2018; Johnston et al. 2018; Schwartz-Lazaro et al. 
2017). Over the last decade, management of glyphosate and acetolactate synthase (ALS) 
inhibitor resistant Palmer amaranth has relied on PPO-inhibiting herbicides applied PRE and 
POST for control. Coupled with Palmer amaranth’s prolific growth and ability to spread, the 
aforementioned reliance has selected for PPO-resistant (PPO-R) Palmer amaranth biotypes 
throughout Arkansas, Illinois, and Tennessee (Copeland et al. 2018a; Heap 2018; Varanasi et al. 
2017; Ward et al. 2013). Therefore, POST herbicide applications that include multiple, effective 
sites of action for control of PPO-R Palmer amaranth are a valuable resistance management 
strategy. 
 Efficacy of herbicides applied POST on Amaranthus spp. is greatly affected by 
environmental factors. Coetzer et al. (2001) reported applications made at increasing relative 
humidity from 35 to 90% increased glufosinate efficacy on Palmer amaranth, redroot pigweed 
(Amaranthus retroflexus L.), and common waterhemp (Amaranthus rudis L.). Increases in 
temperature also increased glufosinate injury to the Amaranthus spp. (Coetzer et al. 2001). 
Ambient temperature regimes increasing from 26/21 (day/night, C) to 31/26 increased visual 
injury from 51 to 71%, respectively, 14 d after treatment of glufosinate at 410 g ha-1 (Coetzer et 
al. 2001). 
A more manageable application parameter, herbicide application time of day (TOD), can 
impact the efficacy of many herbicides (Doran and Andersen 1976; Martinson et al. 2002; 
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Sellers et al. 2004; Stopps et al. 2013). The reduction in weed control due to the TOD effect 
varies with weed species (Lee and Oliver 1982; Fausey and Renner 2001) and herbicides (Doran 
and Andersen 1976; Miller et al. 2003; Stewart et al. 2009). Culpepper et al. (2013) found that 
glufosinate efficacy on Palmer amaranth was significantly reduced with applications near sunrise 
or sunset. Glufosinate applications made near sunrise or sunset ultimately reduced lint yield of 
cotton (Gossypium hirsutum L.) compared to cotton treated with glufosinate during midday 
hours because, surviving Palmer amaranth competed with the crop. Research has shown that 
photosystem II inhibiting herbicides provide better control of common ragweed (Ambrosia 
artemisiifolia L.) and common lambsquarters (Chenopodium album L.) when treatments are 
applied between 9:00 and 18:00 h as opposed to applications made at 6:00 or 21:00 h (Stewart et 
al. 2009). However, dicamba and diflufenzopyr applications provided greater than 95% control 
of common ragweed, common lambsquarters and redroot pigweed (Amaranthus retroflexus L.) 
regardless of TOD (Stewart et al. 2009).  
Morphological and physiological factors of specific weed species can play a role in 
species-specific TOD effects for POST herbicides (Hess and Falk 1990; Stopps et al. 2013). 
Diurnal changes in leaf angle of velvetleaf (Abutilon theophrasti L.), prickly sida (Sida spinosa 
L.), hemp sesbania (Sesbania herbacea L.) and sicklepod (Senna obtusiifolia L.) have been 
reported to negatively impact herbicide activity in low-light environments (Andersen and 
Koukkari 1978; Norsworthy et al. 1999; Sellers et al. 2003). POST herbicide coverage and 
subsequent absorption and translocation are also affected by factors such as exposed leaf surface 
area and orientation (Andersen and Koukkari 1978; Coetzer et al. 2001; Norsworthy et al. 1999; 
Mohr et al. 2007). 
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Herbicide physiology factors, such as site of action, can also impact the TOD effects on 
efficacy. Miller et al. (2003) reported herbicides glyphosate (WSSA Group 9), glufosinate 
(WSSA Group 10), fomesafen (WSSA Group 14), and chlorimuron ethyl (WSSA Group 2) had 
different optimal peaks in efficacy on broadleaf weeds throughout the day. To date, research has 
not been conducted on the TOD effect of combining multiple sites of action for control of PPO-R 
Palmer amaranth. Based on previous research, herbicides not applied at the most effective time 
of day are likely to fail to control PPO-R Palmer amaranth. The implications of tank mixing 
multiple sites of action and the time of application for control of PPO-R Palmer amaranth are not 
well understood. The main objective of this research was to evaluate the differences in control of 
PPO-R and PPO-susceptible (PPO-S) Palmer amaranth with common tank-mixes of PPO-
inhibiting herbicides, paraquat, and glufosinate applied POST. 
 
Materials and Methods 
 
Field trials were conducted at the West Tennessee Research and Education Center in 
Jackson, Tennessee and on-farm in Golddust, Tennessee in 2017 and 2018 to evaluate the time 
of day effects of herbicides on PPO-R and -Palmer amaranth. In order to determine the level of 
PPO resistance, fomesafen was applied to Palmer amaranth at each location when weeds were 6 
to 10 cm tall. Palmer amaranth at the Jackson location was completely controlled while less than 
15% were controlled at Golddust. As described in Copeland et al. (2018a), genomic DNA from 
plant tissue at each location was screened for mutations that confer PPO resistance in Palmer 
amaranth. The Palmer amaranth biotype in Golddust harbored both the ΔG210 and R128G 
mutations that confer PPO-resistance and served as the PPO-R biotype in this study (Giacomini 
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et al. 2017; Varanasi et al. 2017). The Palmer amaranth biotype at Jackson did not contain any of 
the mutations that confer PPO-resistance and served as the PPO-S biotype. Procedures at both 
Jackson and Golddust were the same unless otherwise noted.  
 Plot areas at each site were weed-free prior to germination of Palmer amaranth. At both 
locations, 1260 g ae ha-1 of glyphosate and 560 g ae ha-1 of dicamba was applied in the early 
spring to allow Palmer amaranth to germinate without the competition of winter annuals or early 
summer annual weeds. Each experiment was conducted as a randomized complete block design 
with 17 treatments and four replications for each treatment at each location. Individual plot sizes 
were 1.5 m by 9.1 m. The first factor was herbicide treatment and consisted of fomesafen, 
lactofen, acifluorfen, paraquat, glufosinate, glufosinate plus fomesafen, paraquat plus fomesafen, 
and paraquat plus metribuzin. With the exception of herbicide treatment glufosinate applied 
alone, all treatments contained 1% v/v of methylated seed oil (MSO) (Fire-Zone, Helena 
Chemical Co. Collierville, TN). Herbicide common names, trade names, rates, and 
manufacturers are shown in Table 3. The second factor was application time of day and consisted 
of an application 0.5 hr prior to sunrise and at 1200 h. Environmental data and application times 
are shown in Table 4. The third factor was Palmer amaranth biotype and consisted of a PPO-R 
and PPO-S Palmer amaranth biotype. A nontreated check was included for comparison purposes. 
Herbicide treatments were applied POST when Palmer amaranth averaged 7.5 cm in height at 
each respective location. Herbicide treatments were applied with a CO2-pressurized backpack 
sprayer calibrated to 140 L ha-1 at 220 kPa at each location using AIXR 11003 nozzles spaced 50 
cm apart (AIXR, TeeJet Technologies, Wheaton, IL). Visual control of Palmer amaranth was 
assessed 7, 14, and 21 d after application (DAA) on a scale of 0 to 100%, where 0 was defined as 
48 
 
no weed control and 100% was defined as complete plant death. Palmer amaranth densities from 
1 m2 quadrants were recorded at 21 DAA, and the number of living plants in each treatment plot 
compared to the number in the nontreated check in each replication was calculated as a 
percentage.  
 All data were subjected to an analysis of variance (ANOVA) using the PROC Glimmix 
procedure in SAS (ver. 9.4; SAS Institute; Cary, NC). The DANDA.sas design and analysis 
macro collection (Saxton 2013) was used to create all PROC Glimmix (MMAOV) procedures. 
Random effects were years and replications nested within years (Blouin et al. 2011). Considering 
year an environmental or random effect permits inferences about treatments to be made over a 
range of environments (Blouin et al. 2011; Carmer et al. 1989). Location and time of day were 
considered fixed effects. Because the objective of this research is to distinguish difference 
between a predetermined PPO-resistant and -susceptible Palmer amaranth biotypes, location was 
considered fixed. The impact of application TOD and Palmer amaranth biotype on individual 
herbicide treatments was determined by analyzing data for each treatment separately and making 
no comparisons among herbicides. Type III statistics were used to test the fixed effects and least 
square means were separated using Fisher’s Protected LSD at α = 0.05.  
Results and Discussion 
Effect of biotype and application time of day on efficacy of lactofen, fomesafen, and 
acifluorfen 
Interactions between TOD and biotype for control of Palmer amaranth 7 d after 
application (DAA) of lactofen, fomesafen, and acifluorfen were not observed (Table 5). 
However, control of Palmer amaranth treated with lactofen, fomesafen, and acifluorfen was 
significantly affected by biotype. When averaged across TOD, PPO-R Palmer amaranth control 
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at 7 DAA with lactofen, fomesafen, and acifluorfen was poor; 30%, 34%, and 38%, respectively 
(Table 5). However, PPO-S Palmer amaranth control with lactofen (88%), fomesafen (92%), and 
acifluorfen (84%) was greater 7 DAA (Table 5). Significant time of day effects were not 
observed for visual control of Palmer amaranth with fomesafen (Table 5). However, TOD effects 
were observed for both lactofen and acifluorfen at 7 DAA. At the earliest evaluation lactofen and 
acifluorfen provided 63% and 68% control of Palmer amaranth, respectively, when applied 
midday; and 55% and 54% control when applied at sunrise (Table 5). 
The interaction between TOD and biotype was not observed for control 14 DAA (Table 
5). However, the main effect of biotype was significant for control of Palmer amaranth with 
lactofen, fomesafen, and acifluorfen. The same trend in differences in PPO-R and -S biotype 
control continued 14 DAA lactofen, fomesafen, and acifluorfen (71%, 80%, and 72% control of 
PPO-S biotype 21%, 25%, and 24% control of PPO-R biotype, respectively). When pooled 
across biotype, control 14 DAA with lactofen and fomesafen was not affected by TOD, however, 
better control of Palmer amaranth (10%) was observed when acifluorfen application was delayed 
until midday (Table 5).  
An interaction between TOD and biotype was observed for control of Palmer amaranth 
with acifluorfen 21 DAA. The midday application of acifluorfen provided 25% greater control 
than the sunrise application of acifluorfen on the PPO-S biotype (Table 5). However, control of 
PPO-R biotype was similar and≤13% with acifluorfen applied at sunrise and midday. The TOD 
effect was not observed on PPO-R Palmer amaranth, 21 DAA, due to the lack of acifluorfen 
efficacy on the PPO-R in biotype both years. Our findings are different from Lee and Oliver 
(1982), their research demonstrated that acifluorfen applied in the dark was more effective than 
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sunrise or midday applications. Previous TOD research with acifluorfen conducted on hemp 
sesbania (Sesbania herbacea L.) and pitted morningglory (Ipomoea lacunosa L.) reported the 
morphological and physiological factors of specific weeds can result in species-specific TOD 
effects (Stopps et al. 2013).  
The TOD main effect was not significant nor were there significant Biotype*TOD 
interactions for control of Palmer amaranth with lactofen and fomesafen 21 DAA. However, the 
main of biotype was significant (Table 5). Control of the PPO-S biotype was 59% and 61% 
greater than the PPO-R biotype 21 DAA for lactofen and fomesafen, respectively (Table 5). 
These differences are not surprising based on the number of living Palmer amaranth plants at 21 
DAA that escaped control with treatment (Table 5). Palmer amaranth biotype significantly 
affected the number of living plants. Applications of lactofen and fomesafen resulted in a lower 
percentage of living PPO-S Palmer amaranth compared to PPO-R Palmer amaranth (80% and 
82% lower, respectively). 
Effect of biotype and application time of day on efficacy of paraquat tank mixes 
Interactions between biotype and TOD and the main effect of TOD was not significant 
for weed control at the three rating timings following paraquat-based tank mixes 7 DAA (Table 
6). However, the main effect of biotype was significant for paraquat and paraquat plus fomesafen 
7 DAA (Table 6). Control was 5-6% higher on the PPO-S biotype than the PPO-R biotype if 
paraquat or paraquat plus fomesafen was applied. Similar control was observed with paraquat 
plus metribuzin treatment on the PPO-R and –S Palmer amaranth biotypes.  
Biotype had a significant effect with all three paraquat treatments 14 DAA (Table 6). 
Paraquat, paraquat plus fomesafen, and paraquat plus metribuzin provided greater control (10%, 
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5% and 7% respectively) of the PPO-S biotype than the PPO-R biotype 14 DAA (Table 4). TOD 
was also significant for Palmer amaranth control with paraquat (Table 6). When pooled across 
biotypes, Palmer amaranth control 14 DAA was greatest when paraquat was applied at sunrise 
(Table 6). 
 At the 21 DAA evaluation, biotype affected the level of control for paraquat, paraquat 
plus metribuzin, and paraquat plus fomesafen (Table 6). Control of the PPO-R biotype with 
paraquat and paraquat plus fomesafen was 11% less than control achieved on the PPO-S biotype 
where control was ≥95% for both treatments (Table 6). Although significant differences in 
control were observed 21 DAA, paraquat plus metribuzin provided 5% less control of the PPO-R 
biotype compared to control of the PPO-S biotype (98%) (Table 6). This data provides evidence 
that the most troublesome Palmer amaranth biotypes, specifically the PPO-R biotype from 
Golddust, Tennessee, should be targeted with multiple, effective modes of action. In burn down 
scenarios, utilization of paraquat (WSSA Group 22 herbicide) and metribuzin (WSSA Group 5 
herbicide) to control the PPO-R biotype can delay the evolution of resistance by minimizing 
selection pressure of using a single site of action (Norsworthy et al. 2012). The number of living 
Palmer amaranth correlated with control observed with paraquat and paraquat plus fomesafen, 
with living PPO-S Palmer amaranth numbers being lower than the PPO-R biotype. However, 
with respect to Palmer amaranth counts, paraquat plus metribuzin provided consistent control of 
each biotype. 
Palmer amaranth control 14 and 21 DAA of paraquat was significantly impacted by TOD 
(Table 6). Control was greater when applied at sunrise. The number of surviving Palmer 
amaranth plants mirrored the level of control observed with paraquat, with fewer in the sunrise 
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application compared with the midday applications (Table 6). Similar to paraquat, the sunrise 
application of paraquat plus metribuzin provided greater control than the midday application 21 
DAA, 98% and 94% control, respectively (Table 6). The TOD research has shown greater 
efficacy when a herbicide is applied in the middle of the day (Miller et al. 2003; Sellers 2004; 
Stewart et al. 2009; Stoops et al. 2013); however this does not apply to all herbicides (Lee and 
Oliver 1982; Montgomery et. al 2017; Putnam and Ries 1968). Putnam and Ries (1968) found 
that a 6 hr dark period after an application further enhanced 14C-paraquat movement from the 
treated quackgrass (Agropyron repens (L.) Beauv.) leaf. The greater translocation observed in 
the dark resulted in greater growth inhibition of rhizome segments (Putnam and Ries 1968). 
Additionally, a similar trend was noted in glyphosate-resistant horseweed (Conyza canadensis 
(L.) Cronq.), where sunrise and sunset applications of paraquat provided better control than the 
midday applications (Montgomery et al. 2017). 
Effect of biotype and application time of day on efficacy of glufosinate tank mixes 
There was a significant interaction between biotype and TOD on the level of control 
provided by glufosinate plus fomesafen at 7, 14, and 21 DAA (Figure 5). Control at 7, 14, and 21 
DAA was similar for the sunrise and midday applications on the PPO-S biotype (Figure 5). 
However, on the PPO-R biotype the addition of fomesafen to glufosinate could not overcome the 
TOD effect and greater control was achieved at the midday application at each evaluation (Figure 
5). For glufosinate plus fomesafen on the PPO-R biotype, control was 28%, 33%, and 36% greater 
at midday compared to the sunrise application at 7, 14, and 21 DAA, respectively (Figure 5). 
Palmer amaranth control with glufosinate was not affected by an interaction of biotype and 
TOD or the main effect of biotype at 7, 14, or 21 DAA; however, control from glufosinate was 
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affected by application TOD at all evaluations (Figure 6). When data were pooled across biotype, 
Palmer amaranth control was greater at the midday application (Figure 6). The difference in control 
became more prominent at later evaluations (35% greater at 7 DAA and 55% greater at 21 DAA 
for midday applications). Furthermore, the midday application of glufosinate resulted in 63% 
fewer living Palmer amaranth plants than was found in the sunrise application (Figure 6). Similar 
trends of Palmer amaranth control have been reported when glufosinate was applied in the middle 
portion of the day (Culpepper et al. 2013; Martinson et al. 2002; Stewart et al. 2009). Furthermore, 
it has been reported that light is an essential requirement for glufosinate activity (Kocher 1983). 
Sellers et al. (2004) reported that significant glutamine synthetase inhibition only occurred during 
applications made in the light period. Therefore, ammonium accumulation levels were lower in 
plants treated with glufosinate at 2200 hours (dark) than plants treated at 1400 hours (light); thus 
better glufosinate activity is observed for applications made during daylight hours (Sellers et al. 
2004).  
No interactions between biotype and TOD were observed on the number of living Palmer 
amaranth found after glufosinate plus fomesafen applications (data not shown). However, the main 
effects of TOD and biotype were both significant (Figure 7). When pooled across biotype, there 
were fewer surviving Palmer amaranth plants for midday glufosinate plus fomesafen applications 
(Figure 7). Previous research in Tennessee has shown that the addition of fomesafen to glufosinate 
can compensate for the lack of glufosinate efficacy at sunrise or sunset applications, hence no TOD 
effect was observed (data not shown). The percentage of living Palmer amaranth plants was greater 
when glufosinate plus fomesafen was applied to the PPO-R biotype (29%) than the PPO-S biotype 
(4%) (Figure 7). These data suggest that the aforementioned strategy no longer applies on a PPO-
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R Palmer amaranth biotype, where fomesafen is no longer effective. Glufosinate plus fomesafen 
on the PPO-S biotype reduces the selection pressure on both herbicides; however, this is no longer 
an option on the PPO-R biotype (Norsworthy et al. 2012). 
 Palmer amaranth that is PPO-R responds differently than PPO-S populations to these 
selected herbicide and different TOD applications. Biotype differences in this study were 
generally obvious because Palmer amaranth at the Golddust location was highly resistant 
compared with the sensitive populations in Jackson. Palmer amaranth biotypes with similar 
resistance mechanisms have exhibited a greater tolerance to herbicidal control, regardless of site 
of action (Copeland et al. 2018b; Schwartz-Lazaro et al. 2017). No differences in living PPO-R 
and PPO-S Palmer amaranth plants in plots treated with paraquat plus metribuzin were observed 
in this study. Applying two effective herbicide sites of action was critical for management of 
PPO-R Palmer amaranth. The TOD effect on PPO-S Palmer amaranth with glufosinate was 
overcome by adding fomesafen, a PPO-inhibiting herbicide. However, the addition of fomesafen 
to glufosinate added no value for the control of PPO-R Palmer amaranth. Ineffective tank-mixes 
are costly when trying to control Palmer amaranth and will ultimately result in a yield loss. 
Understanding the implications of the application TOD effect on PPO-R Palmer amaranth will 
assist farmers in developing control strategies. Moreover, PRE herbicide applications should 
include two or more effective sites of action followed by overlapping WSSA Group 15 
herbicides applied POST. However, non-herbicidal control measures should be seriously 
considered as well. Cover crops, row-spacing, crop rotation, and tillage practices should all be 
included in an integrated management plan to combat Palmer amaranth. 
  
55 
 
References 
 
Andersen RN, Koukkari WL (1978) Response of velvetleaf (Abutilon theophrasti) to bentazon as 
affected by leaf orientation. Weed Sci. 26:393-395 
Blouin DC, Webster EP, Bond JA (2011) On the analysis of combined experiments. Weed 
Technol 25:165-169 
Carmer SG, Nyquist WE, Walker WM (1989) Least significant differences in combined analyses 
of experiments with two- or three-factor treatment designs. Agron J 81:655-672 
Coetzer E, Al-Khatiband K, Loughin TM (2001) Glufosinate efficacy, absorption, and 
translocation in amaranth as affected by relative humidity and temperature. Weed Sci 
49:8-13 
Copeland JD, Giacomini DA, Tranel PJ, Montgomery GB, Steckel LE (2018a) Distribution of 
PPX2 mutations conferring PPO-inhibitor resistance in Palmer amaranth populations of 
Tennessee. Weed Tech (In press) 
Copeland JD, Wiggins M, Steckel LE (2018b) Influence of Residual Herbicide Application Rate 
on PPO-Resistant and Susceptible Palmer amaranth in Tennessee. Proc. of 58th Weed Sci 
Soc http://www.wssaabstracts.com/public/54/proceedings.html. Accessed July 9, 2018. 
Culpepper AS, York AC, Steckel L, Bond JA, Stephenson D (2013) Palmer amaranth control 
significantly influenced by the time of day in which Liberty is applied. 66th Proc South 
Weed Sci: 168 
Doran DL, Andersen RN (1976) Effectiveness of bentazon applied at various times of the day. 
Weed Sci 24:567–570 
56 
 
Fausey JC, Renner KA (2001) Environmental effects on CGA-248757 and flumiclorac 
efficacy/soybean tolerance. Weed Sci 49:668–674 
Giacomini DA, Umphres AM, Nie H, Mueller TC, Steckel LE, Young BG, Scott RC, Tranel PJ 
(2017) Two new PPX2 mutations associated with resistance to PPO-inhibiting herbicides 
in Amaranthus palmeri. Pest Manag Sci 73: 1559-1563 
Heap I (2018) International survey of herbicide resistant weeds. http://www.weedscience.org 
Accessed: July 5, 2018 
Hess FD, Falk RH (1990) Herbicide deposition on leaf surfaces. Weed Sci 38:280-288 
Johnston CR, Eure PM, Grey TL, Culpepper AS, Vencil WK (2018) Time of application 
influences translocation of auxinic herbicides in Palmer amaranth (Amaranthus palmeri). 
Weed Sci 66:4-14 
Kocher H (1983) Influence of the light factor on physiological effects of the herbicide Hoe 
39866. Aspects Appl Biol 4:227-234 
Lee SD, Oliver LR (1982) Efficacy of acifluorfen on broadleaf weeds. Times and methods for 
application. Weed Sci 30:520–526 
Martinson KB, Sothern RB, Koukkari WL, Durgan BR, Gunsolus JL (2002) Circadian response 
of annual weeds to glyphosate and glufosinate. Chronobiol Int 19:405–422 
Miller R, Martinson KB, Sothern RB, Durgan BR, Gunsolus JL (2003) Circadian response of 
annual weeds in a natural setting to high and low application rates of four herbicides with 
different modes of actions. Chronobiol Int 20:299-324 
Mohr KB, Sellers BA, Smeda RJ (2007) Application time of day influences glyphosate efficacy. 
Weed Technol 21:7-13 
57 
 
Montgomery GB, Treadway JA, Reeves JL, Steckel LE (2017) Effect of time of day of 
application of 2,4-D, dicamba, glufosinate, paraquat, and saflufenacil on horseweed 
(Conyza canadensis) control. Weed Technol 31:550-556 
Norsworthy JK, Oliver LR, Purcell LC (1999) Diurnal leaf movement effects on spray 
interception and glyphosate efficacy. Weed Technol 13:466-470 
Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM, Bradley KW, 
Frisvold G, Powles SB, Burgos NR, Witt WW, Barrett M (2012) Reducing the risks of 
herbicide resistance: best management practices and recommendations. Weed Sci: 60:31-
62 
Putnam AR, Ries SK (1968) Factors influencing the phytotoxicity and movement of paraquat in 
quackgrass. Weed Sci 16:80-83 
Saxton AM (2013) DandA.sas. Design and Analysis Macro Collection Version 2.11. Knoxville, 
TN: University of Tennessee. Publication 17 
Schwartz-Lazaro LM, Norsworthy JK, Scott RC, Barber LT (2017) Resistance of two Arkansas 
Palmer amaranth populations to multiple herbicide sites of action. Crop Prot 96:158-163 
Sellers BA, Smeda RJ, Li J (2004) Glutamine synthetase activity and ammonium accumulation 
is inflluenced by time of glufosinate application. Pestic Biochem Physiol 78:9-20 
Stewart CL, Nurse RE, Sikkema PH (2009) Time of day impacts postemergence weed control in 
corn. Weed Technol 23:346-355 
Stopps GJ, Nurse RE, Sikkema PH (2013) The effect of time of day on the the activity of 
postemergence soybean herbicides. Weed Technol 27:690-695 
58 
 
Varanasi VK, Brabham C, Norsworthy JK, Nie H, Young BG, Houston M, Barber T, Scott RC 
(2017) A statewide survey of PPO-inhibitor resistance and the prevalent target-site 
mechanisms in Palmer amaranth (Amaranthus palmeri) accessions from Arkansas. Weed 
Sci 68: 1-10 
Ward SM, Webster TM, Steckel LE (2013) Palmer amaranth (Amaranthus palmeri): A Review. 
Weed Technol 27:12-27 
 
  
59 
 
Appendix 
Table 3. Herbicide common and trade names, application rates, and registrant information 
for treatments evaluating the time of day effect on PPO-resistant and –susceptible Palmer 
amaranth in 2017 and 2018. 
Common 
name 
 
Trade name 
 
Ratea  
 
Manufacturer 
fomesafen Flexstar® 265 Syngenta Crop Protection, 
Greensboro, NC 
lactofen Cobra® 175 Valent U.S.A. Corporation, Walnut 
Creek, California 
acifluorfen Ultra Blazer® 280 UPI, King of Prussia, Pennsylvania 
paraquat Gramoxone® SL 2.0 700 Syngenta Crop Protection, 
Greensboro, NC 
glufosinate Liberty® 280 SL 655 Bayer Crop Science, St. Louis, 
Missouri 
metribuzin Tricor® DF 210 UPI, King of Prussia, Pennsylvania 
a Rate in g ai ha-1. 
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Table 4. Application dates and environmental conditions in studies conducted in Golddust 
and Jackson, Tennessee in 2017 and 2018. 
 Jackson  Golddust 
    
Application 2017 2018  2017 2018 
      
Date 5/25/2017 5/18/2018  5/24/2017 5/15/2018 
Sunrise      
Time 0520 0500  0500 0515 
Air Temperature (C) 13 20  11 23 
Soil Temperature (C) 15 25  15 25 
Relative humidity (%) 97 99  96 67 
Dew Presence Yes Yes  Yes Yes 
Soil Moisture Moderate High  Moderate Moderate 
Cloud Cover (%) 50 50  0 90 
      
Midday      
Time 1300 1100  1100 1115 
Air Temperature (C) 23 29  21 34 
Soil Temperature (C) 20 27  20 32 
Relative humidity (%) 45 63  53 54 
Dew Presence No No  No No 
Soil Moisture Moderate High  Moderate Moderate 
Cloud Cover (%) 20 60  15 20 
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Table 5. Control 7, 14 and 21 d after application and percentage of living Palmer amaranth plants 21 d after application as 
affected by biotype and application time of day of lactofen, fomesafen, and acifluorfen averaged over 2017 and 2018.a,b 
   lactofen    fomesafen    acifluorfen  
  Control Living 
Plantsd 
 Control Living 
Plants 
 Control Living 
Plants   7c 14 21  7 14 21  7 14 21 
Source                
  ---------------------------------------------------------------%--------------------------------------------------------------- 
Biotype PPO-R 30b 21b 11b 100a  34b 25b 13b 93a  38b 24b 13b 98a 
 PPO-S 88a 71a 70a 20b  92a 80a 74a 11b  84a 72a 69a 23b 
 P-value <.001 <.001 <.001 <.001  <.001 <.001 <.001 <.001  <.001 <.001 <.001 <.001 
TOD Sunrise 55b 44 39 61  60 50 39 59  54b 43b 34b 65 
 Midday 63a 48 42 61  65 54 48 45  68a 53a 47a 57 
 P-value 0.014 0.301 0.525 0.990  0.130 0.283 0.052 0.059  0.004 0.013 <.001 0.363 
Biotype 
* TOD 
Sunrise 
PPO-R 
26 19 9 100  32 23 10 100  34 22 13c 97 
 
Sunrise 
PPO-S 
84 69 69 15  88 78 68 11  75 64 57b 33 
 
Midday 
PPO-R 
34 23 13 96  36 28 16 79  42 27 13c 99 
 
Midday 
PPO-S 
92 73 71 26  95 81 81 9  93 80 82a 14 
 P-value 0.879 0.936 0.768 0.125  0.667 0.877 0.499 0.081  0.227 0.177 <.001 0.252 
a Means within a column followed by the same letter are not significantly different at P≤0.05. 
b Abbreviations: Biotype, represents PPO-resistant (PPO-R) or PPO-susceptible (PPO-S) Palmer amaranth; TOD, represents 
application time of day, sunrise or midday; NS, not significant. 
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Table 5 (continued) 
 
c Column headings denote rating intervals of 7, 14, and 21 d after herbicide application. 
d Living plants counted at 21 DAA in 1 m2. 
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Table 6. Control 7, 14 and 21 d after application and percentage of living Palmer amaranth plants 21 d after application as 
affected by biotype and application time of day of paraquat, paraquat plus metribuzin, and paraquat plus fomesafen averaged 
over 2017 and 2018.a,b 
   paraquat   paraquat plus metribuzin  paraquat plus fomesafen 
  Control Living 
Plantsd 
 Control Living 
Plants 
 Control Living 
Plants   7c 14 21  7 14 21  7 14 21 
Source                
  -------------------------------------------------------------%------------------------------------------------------------- 
Biotype PPO-R 92b 87b 84b 8a  97 93b 93b 1  94b 90b 85b 11a 
 PPO-S 98a 97a 95a 2b  99 98a 98a 1  99a 97a 96a 1b 
 P-value <.001 <.001 0.008 0.045  0.054 <.001 <.001 0.461  0.002 <.001 <.001 <.001 
TOD Sunrise 96 95a 93a 2b  98 96 98a 1  97 94 92 4 
 Midday 94 88b 85b 8a  98 94 94b 2  95 93 90 8 
 P-value 0.202 0.007 0.037 0.047  0.344 0.091 0.041 0.226  0.438 0.493 0.449 0.177 
Biotype 
* TOD 
Sunrise 
PPO-R 
92 91 88 5  98 95 96 1  90 90 86 9 
 
Sunrise 
PPO-S 
99 99 99 0  99 98 99 2  99 99 98 0 
 
Midday 
PPO-R 
91 83 80 12  97 91 91 1  90 90 85 14 
 
Midday 
PPO-S 
97 94 90 5  99 97 98 2  96 96 94 2 
 P-value 0.818 0.378 0.867 0.668  0.176 0.220 0.112 0.391  0.438 0.492 0.597 0.458 
a Means within a column followed by the same letter are not significantly different at P≤0.05. 
b Abbreviations: Biotype, represents PPO-resistant (PPO-R) or PPO-susceptible (PPO-S) Palmer amaranth; TOD, represents 
application time of day, sunrise or midday; NS, not significant. 
c Column headings denote rating intervals of 7, 14, and 21 d after application. 
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Table 6 (continued) 
 
d Living plants counted at 21 DAA in 1 m2. 
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Figure 5. Visual control of Palmer amaranth following applications of glufosinate plus 
fomesafen as affected by an interaction between biotype and application time of day 7 DAA 
(A.), p = 0.0127; 14 DAA (B.), p = 0.0153; and 21 DAA (C.), p =0.0496. Data were averaged 
over 2017 and 2018. 
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Figure 6. Control of Palmer amaranth by glufosinate as affected by time of day 7 DAA (p = 
<.0001), 14 DAA (p = <.0001), and 21 DAA (p = <.0001). Data were averaged over 2017 and 
2018. 
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Figure 7. Percent living Palmer amaranth plants after application of glufosinate and 
glufosinate plus fomesafen as affected by TOD (A.), p = <.0001 and p = 0.0083, respectively; 
and percent living Palmer amaranth plants after application of glufosinate plus fomesafen 
as affected by biotypes (B.), p = 0.0013. Data were averaged over 2017 and 2018 
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CHAPTER IV: MANAGING COVER CROP TERMINATION AND 
RESIDUAL HERBICIDES FOR CONTROL OF PALMER AMARANTH IN 
ROUNDUP READY XTEND® SOYBEANS 
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Abstract 
 
Field studies were conducted to evaluate cover crop termination timings at planting and 14 d 
after planting (DAP) in combination with residual herbicides on Palmer amaranth control and 
soybean crop response. Glyphosate plus dicamba provided 100% control of winter wheat + 
crimson clover 14 d after application. Regardless of residual herbicide, S-metolachlor, S-
metolachlor plus fomesafen, acetochlor, acetochlor plus fomesafen, pyroxasulfone, and 
pyroxasulfone plus fomesafen, delaying cover crop termination until 14 DAP provided 38% 
greater Palmer amaranth control 28 DAP compared with termination at planting. Delaying 
termination also increased the time interval until Palmer amaranth reached 10 cm in height by 22 
d. Palmer amaranth control at the R1 soybean growth stage was greatest with acetochlor plus 
fomesafen (86%). Likewise, the addition of fomesafen to S-metolachlor and pyroxasulfone 
increased Palmer amaranth control by 24% and 31%, respectively. Soybean yields ranged from 
2,820 to 3,240 kg ha-1. Soybeans in plots treated with acetochlor, yielded 3,240 kg ha-1, plots 
treated with no residual herbicide and pyroxasulfone, 2,820 and 2,950 kg ha-1, respectively. 
These results suggest that when delaying cover crop termination until after planting, assuming 
glyphosate plus dicamba tolerant (GDT) soybeans are used, producers should use dicamba plus 
glyphosate to terminate the cover crop and include microencapsulated-acetochlor plus another 
herbicide site of action to maximize residual Palmer amaranth control and preserve yield. 
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Introduction 
 
Historically, cover crops have been utilized to improve soil moisture retention, water 
infiltration, organic matter content, soil nitrogen, and reduce soil erosion in crop production 
systems (Teasdale 1996; Yenish et al. 1996; Mallory et al. 1998; Varco et al. 1999; Reddy et al. 
2003). According to a recent United States Department of Agriculture survey, two-thirds of 
farmers who planted a cereal rye (Secale cereal L.) cover, noticed improved control of herbicide-
resistant weeds (SARE 2017). The goal of utilizing winter annual cover crops for weed control is 
to replace a difficult to control weed population with a manageable cover crop (Teasdale 1996). 
Cover crop residue can inhibit weed germination by reducing light and temperature (Teasdale 
and Mohler 1993). Research has also shown cover crop residues to be allelopathic by releasing 
phytotoxins that inhibit germination and early growth of weeds (Yenish et al. 1995; Blackshaw 
et al. 2001; Davis and Liebman 2003).  
Cereal rye, oats (Avena sativa L.), hairy vetch (Vicia villosa L.), ryegrass species (Lolium 
spp.), winter wheat (Triticum aestivum L.), and clover species (Trifolium spp.) can be used as 
cover crops for suppression of both winter and summer annual weeds (Bowman et al. 1998; 
Christenson et al. 2014; Koger et al. 2004; Mirsky et al. 2011; Reddy 2001). Christenson et al. 
(2014) reported cereal rye and winter wheat reduced horseweed [Conyza canadensis (L.) Cronq.] 
emergence up to 90%. However, in a soybean (Glycine max Merr.) production system, summer 
annual weeds are responsible for a majority of economic losses because their life cycles overlap 
(Cornelius and Bradley 2017). Moreover, in-season weed competition accounted for 39% of 
soybean yield loss in 2012 (NASS 2014). The most troublesome and economically damaging 
summer annual weed in the United States is Palmer amaranth (Amaranthus palmeri S. Wats.) 
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(Beckie 2011; Van Wychen 2016). Palhano et al. (2017) reported that cereal rye cover crop plots 
had 83% less Palmer amaranth emergence than plots with no cover crop. In cotton (Gossypium 
hirsutum L.), a cereal rye cover crop in a strip tillage system reduced Palmer amaranth densities 
between 40 and 88% between rows (Webster et al. 2013). However, the rapid growth habit of 
Palmer amaranth from reduced weed populations still prevented the cotton from producing lint 
(Webster et al. 2013). When integrating the use of residual herbicides with cover crops in cotton 
for Palmer amaranth control, Wiggins et al. (2016) reported the use of residual herbicides 
improved Palmer amaranth control by greater than 20% in multiple cover-crop species (Wiggins 
et al. 2016). While cover-crop mulches can provide a non-chemical alternative to weed control, 
utilization of a residual herbicide can provide additional weed control in cover crops (Cornelius 
and Bradley 2017; Moore et al. 1994; Wiggins et al. 2016). 
 Sole reliance on herbicides for weed control has resulted in numerous cases of herbicide-
resistant weeds (Young 2006; Heap 2018). Following the widespread adoption of glyphosate-
resistant (GR) crops,  producers changed herbicide use patterns by shifting away from weed 
management programs that incorporated tillage practices and residual herbicides with sequential 
postemergence (POST) applications on corn (Zea mays L.), cotton, and soybeans for season-long 
weed control (Abernathy and McWhorter 1992; Culpepper et al. 2006; Young 2006). In 
Tennessee, 71% of row-crop hectarage is in no-till crop production where reliance on glyphosate 
alone was probably the main factor in the selection of glyphosate-resistant (GR) Palmer 
amaranth (Steckel 2008; Korres and Norsworthy 2015; Heap 2018). Currently, Palmer amaranth 
biotypes have evolved resistance to six different herbicide sites of action (Heap 2018). 
Therefore, successful herbicide programs for controlling Palmer amaranth have consisted of 
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multiple, effective herbicide sites of action and sequential applications of residual herbicides for 
season-long control (Riar et al. 2013; Cahoon et al. 2015). Although these practices can be 
successful, the loss of herbicide options for Palmer amaranth due to herbicide resistance has 
continued to increase (Heap 2018). 
 Management factors such as seeding rate, planting date, and termination date of cover 
crops can affect biomass and weed germination rates. Ryan et al. (2011) found that increased 
seeding rates of cereal rye did not increase cover-crop biomass. However, weed biomass 
reductions were observed. Planting cover crops in the early fall compared to later planting dates 
will increase biomass and weed control (Mirsky et al. 2011). Timing of a cover crop termination 
can also affect weed density. Non-selective herbicides, such as glyphosate, glufosinate, or 
paraquat are utilized for cover crop termination (Montgomery  2016).Terminating cover crops 
later in the growing season has shown to decrease weed densities of broadleaf and grassy weeds 
(Mirsky et al. 2011). Delayed termination of cover crop species allows for greater biomass 
production resulting in a longer window of weed suppression (Coulter and Nafzinger 2007). In a 
recent survey, 39% of farmers that used cover crops planted into living cover crops, i.e. planted 
green, in an attempt to extend control of herbicide-resistant weed species (SARE 2017). Of those 
farmers who planted green, 61% reported improved weed control. However, failure to 
adequately control a cover crop can result in early-season competition and lead to a yield loss in 
the following crop (Fisk et al. 2001; Tharp and Kells 2001; Mirsky 2008). 
 With uncertainty about commercialization of new herbicide modes of action uncertain, 
the need for biological, cultural, and mechanical weed control measures is of the essence 
(Norsworthy et al. 2012; Heap 2018). The utilization of cover crops and new herbicide-resistant 
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crops can be effective alternatives for managing multiple-resistant Palmer amaranth and other 
problematic weeds (Culpepper et al. 2000; Ryan et al. 2011; DeVore et al. 2013; Cahoon et al. 
2015; Wiggins et al. 2015, 2016; Montgomery et al. 2017). Previous research has shown cover 
crop mixtures can reduce herbicide applications in the growing season of the following crop 
(Cornelius and Bradley 2017; Montgomery et al. 2017; Palhano et al. 2017; Reddy 2003). 
Planting soybeans into a living cover crop mixture that will be terminated 10 to 14 d after 
planting did not affect yield and suppressed Palmer amaranth reaching 10 cm in height, up to 40 
days after cover crop termination (Montgomery et al. 2017). To date, most cover crop research 
focuses on terminating the cover crop prior to or at planting of an annual crop. It is known that 
living cover crops have greater potential to suppress weed emergence and growth compared with 
cover crops terminated prior to planting (Teasdale et al. 2007). Further research is needed to 
evaluate the costs and benefits of planting soybeans into a living cover crop. Previous research 
has shown the use of residual herbicides in cover crops will prolong in-season weed control 
(Cornelius and Bradley 2017; Wiggins et al. 2016). However, data is needed to evaluate the use 
of residual herbicides at the time of cover crop termination when planting green into a cover crop 
system. Thus, the objective of this research is to determine the impact of residual herbicides 
included at different cover crop termination timings on Palmer amaranth control in glyphosate 
and dicamba-tolerant (GDT) soybeans. 
 
Materials and Methods 
 
Field experiments were conducted in 2017 and 2018 at the West Tennessee Research and 
Education Center in Jackson, TN (35.6330 N, -88.8597 W) to evaluate residual herbicides and 
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cover crop termination for in-season weed control of Palmer amaranth. Palmer amaranth at this 
location has been confirmed resistant to both glyphosate and ALS-inhibiting herbicides (data not 
shown). The experiments were conducted on a Lexington silt loam soil. The experimental design 
was a factorial arrangement of treatments within a randomized complete block design, with 
factor A consisting of two levels of termination timing and factor B consisting of seven levels of 
herbicide. Common and trade names, application rate and manufacturers for each herbicide are 
listed in Table 7. Four replications were used for each treatment with plot sizes of 2.3 by 9.1 m 
consisting of three rows of soybeans spaced at 76 cm. Both experiments were conducted under 
dryland conditions and rainfall accumulation data are shown in Table 8. In both years a cover 
crop of wheat and clover was seeded 2.5 cm deep at 67 and 17 kg ha-1, respectively. Cover crops 
were planted November 14, 2016 and October 25, 2017 using an 8-row Tye Drill with 19 cm 
row spacing (AGCO, Duluth, GA).  
 Pioneer 45T74 X (DuPont Pioneer, Johnston, IA), a GDT soybean variety, was planted 
with a four-row planter (John Deere 1700 MaxEmerge, Deere and Company, Moline, IL) set to 
76-cm-wide row spacing at a seeding rate of 345,000 seeds ha-1. Soybeans were planted on May 
8, 2017 and May 10, 2018. Cover crop termination timings consisted of termination at soybean 
planting or 14 d after planting (DAP) with glyphosate plus dicamba applied at 1260 and 560 g ae 
ha-1, for termination of the winter wheat + crimson clover cover crop, plus the respective residual 
herbicide. The no residual herbicide treatment was included to assess the impact of residual 
herbicides and cover crop termination timing on soybean growth and weed control. Treatments 
were applied using a CO2-pressurized backpack sprayer equipped with a 1.5 m handheld boom 
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calibrated to deliver 140 L ha-1 at 193 kPa with three TTI 11003 nozzles (TeeJet Technologies, 
Springfield, IL) spaced 50 cm apart. 
 Current labels of POST herbicides registered in GDT crops recommend that Palmer 
amaranth be no more than 10 cm tall when applied (Anonymous 2018a; Anonymous 2018b; 
Barnett et al. 2013). Therefore, the number of days after planting until Palmer amaranth grew to 
10 cm in height was monitored for each treatment to determine how delaying cover crop 
termination and residual herbicides affected the speed of Palmer amaranth growth to 10 cm tall 
(Wiggins et al. 2016). Visual weed control assessments based on a range from 0 to 100% (0 = no 
control, 100 = complete control) were conducted 28 DAP, at the R1 soybean growth stage (~ 45 
DAP), and at soybean canopy closure (~ 65 DAP). When soybeans reached the R1 soybean 
growth stage, clethodim (Select Max®, Valent USA, Walnut Creek, CA) and cloransulam-methyl 
(FirstRate®, Dow AgroSciences, Indianapolis, IN) at 136 and 18 g ai ha-1, respectively, were 
applied as a tank mix. The R1 herbicide application was included to remove other grass and 
broadleaf weeds, with the exception of Palmer amaranth. Prior to the R1 herbicide application, 
visual control was assessed for pitted morningglory (Ipomoea lacunosa L.), prickly sida (Sida 
spinosa L.), and goosegrass (Eleusine indica L.). After the R1 herbicide application, visual 
estimates of Palmer amaranth control (%) and the number of days until the first Palmer amaranth 
plant in a plot reached 10 cm in height were recorded.  
Palmer amaranth density and heights were recorded at the R1 soybean growth stage. 
Palmer amaranth density was measured in a random m-2 quadrat in each plot. Palmer amaranth 
heights were determined by measuring the height of five Palmer amaranth per plot, if present. 
Soybean stand counts and heights were recorded 14 and 28 d after planting. Soybeans were 
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harvested during both years of the study from rows one and two using a combine adapted for 
small-plot harvesting. Grain weights were recorded from each plot and later adjusted to 13.0 % 
moisture content. 
 All data were subjected to an analysis of variance using PROC Glimmix in SAS (ver. 9.4; 
SAS Institute; Cary, NC). The DANDA.sas design and analysis macro collection (Saxton 2013) 
was used to construct all PROC Glimmix (MMAOV) procedures. Termination timing and 
herbicide were considered fixed effects while replication was considered a random effect. No 
interactions were observed between year, termination timing, and herbicide for any variable; 
thus, year was also considered a random effect. Additionally, considering year or location an 
environmental or random effect permits inferences about treatments to be made over locations 
(Blouin et al. 2011; Carmer et al. 1989). Means were separated using Fisher’s protected LSD α = 
0.05. 
 
Results and Discussion 
Effect of cover crop termination timing and herbicides on control of Palmer amaranth 
 Glyphosate plus dicamba provided complete control of the winter wheat plus crimson 
clover cover crop by 14 d after application for both termination timings (data not shown). An 
interaction between termination timing and residual herbicide was observed for control of Palmer 
amaranth 28 DAP (Table 9). Palmer amaranth control was >88% in treatments where a residual 
herbicide was used, regardless of termination timing. However, in the absence of a residual 
herbicide treatment, delaying termination until 14 d after planting (DAP) provided 38% better 
Palmer amaranth control than terminating the cover crop at planting (Table 9). 
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An interaction between termination timing and herbicide was not observed for control of 
Palmer amaranth at the R1 soybean growth stage (Table 9). However, the main effect of 
termination timing affected control (Table 9). Termination 14 DAP provided 15% better control 
of Palmer amaranth, regardless of residual herbicide at R1 (Table 9). A termination timing by 
herbicide interaction was not observed (data not shown). Palmer amaranth in treatments where 
the cover crop was terminated 14 DAP, on average, were 12 cm shorter at R1 versus cover crop 
termination at planting (Figure 8A). 
Herbicide also affected Palmer amaranth heights at R1 (Figure 8B). The interaction of 
termination timing and herbicides was not observed (data not shown). With respect to herbicides, 
the shortest Palmer amaranth plants at R1 were observed acetochlor or acetochlor plus fomesafen 
treatments (Figure 8B). However, Palmer amaranth height recorded in pyroxasulfone plus 
fomesafen treatments were ≤ 9 cm taller than Palmer amaranth in acetochlor-based treatments, 
but no differences were observed (Figure 8B).  
Control of Palmer amaranth at R1 was also affected by the main effect of herbicide 
(Table 9). Control was greatest with acetochlor plus fomesafen (86%). Similar control was 
observed with acetochlor alone (82%) (Table 9). The addition of fomesafen increased control for 
both S-metolachlor and pyroxasulfone. Control with S-metolachlor (45%) and pyroxasulfone 
(46%) applied alone was less than pryroxasulfone plus fomesafen (77%) or S-metolachlor plus 
fomesafen (69%) (Table 9).  
Palmer amaranth counts at R1 was significantly affected by herbicide; the interaction of 
termination timing by herbicide was not observed (Figure 9). Counts were greatest in cover crop 
termination treatments including no residual herbicide and S-metolachlor alone, 9 and 8 plants m-
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2, respectively (Figure 9). Furthermore, Palmer amaranth counts in plots treated with 
pyroxasulfone alone were similar to plots treated with no residual herbicide (Figure 9). 
Acetochlor, S-metolachlor plus fomesafen, acetochlor plus fomesafen, or pyroxasulfone plus 
fomesafen, effectively reduced Palmer amaranth numbers to 2, 3, 1, and 3 Palmer amaranth m-2, 
respectively (Figure 9). These data highlight the superior control achieved with the acetochlor-
based treatments in this study, particularly with the addition of fomesafen. These differences 
suggest greater longevity in activity of acetochlor-based treatments in a cover crop system, 
where acetochlor applied alone or in combination with fomesafen, had fewer and smaller Palmer 
amaranth than other treatments at R1. 
The interaction between termination timing and herbicide was not observed for control of 
Palmer amaranth at soybean canopy closure (Table 9). Contrary to earlier evaluations, the main 
effect of termination timing on Palmer amaranth control was no longer significant. However, the 
main effect of herbicide was significant. At canopy closure, Palmer amaranth control was 88% or 
greater with acetochlor alone and acetochlor plus fomesafen (Table 9). The addition of 
fomesafen to pyroxasulfone (71%) and S-metolachlor (71%) provided greater control than 
pyroxasulfone (51%) and S-metolachlor (54%) applied alone (Table 9). These data emphasize 
the need for an additional herbicide site of action for residual Palmer amaranth control when 
using pyroxasulfone or S-metolachlor in soybeans planted into cover crop residue. 
A positive relationship between cover crop residue and herbicides on weed emergence 
has previously been reported. Teasdale et al. (2005) reported that emergence of smooth pigweed 
(Amaranthus hybridus L.) was reduced 16% by hairy vetch alone and 13% by metolachlor alone. 
However, in combination, hairy vetch and metolachlor reduced smooth pigweed emergence by 
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86%. These data coupled with findings in Teasdale et al. (2005), suggest similar benefits for 
weed control from the positive interaction between residual herbicides and cover crop residue. 
Furthermore, implementing multiple, effective methods of Palmer amaranth management is 
crucial for sustaining current weed control technologies.  
When comparing different cover crop termination timings in GDT soybeans, 
Montgomery et al. (2017) observed that delaying termination of a wheat plus hairy vetch cover 
crop with glyphosate plus dicamba until 11 DAP maximized the number of days until Palmer 
amaranth reached 10 cm in height. In our study, the number of days until Palmer amaranth 
reached 10 cm in height was significantly affected by an interaction between termination timing 
and herbicide (Table 9). Delaying termination until 14 DAP increased the number of days until 
10 cm Palmer amaranth by 22 d (Table 9). With respect to herbicides and termination timing, 
results were variable. An increase in the number of days until Palmer amaranth reached 10 cm in 
height was observed for acetochlor plus fomesafen (128 d) and pyroxasulfone plus fomesafen 
(104 d) applied 14 DAP compared to applications at planting, (Table 9). Significant differences 
in days until Palmer amaranth reached 10 cm in height among other herbicides at different 
termination timings were not observed. However, delaying termination until 14 DAP in 
combination with a residual herbicide increased the number of days until Palmer amaranth 
reached 10 cm in height from 5 to 19 d, depending on the herbicide (Table 9). Including a 
residual herbicide with glyphosate plus dicamba for cover crop termination is an effective 
strategy for Palmer amaranth control; however, this study shows that the selection of residual 
herbicide is important. Both acetochlor plus fomesafen and pyroxasulfone plus fomesafen 
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resulted in the greatest control of Palmer amaranth particularly when applied 14 DAP along with 
the application of glyphosate plus dicamba used to terminate the cover crop. 
Effect of cover crop termination timing and herbicide on control of prickly sida, pitted 
morningglory, and goosegrass 
Control of prickly sida, pitted morningglory, and goosegrass at R1 was not affected by 
the interaction of termination timing and herbicide (Table 10). The main effect of termination 
timing affected all three-weed species. Delaying termination timing until 14 DAP, regardless of 
herbicide, significantly increased control of prickly sida, pitted morningglory, and goosegrass by 
11%, 7%, and 9%, respectively, compared to the at planting application (Table 10). Additionally 
there was a significant main effect of herbicide for control of the three weed species (Table 
10).Greater control was observed for prickly sida (>80%) and pitted morningglory (>83%) when 
a residual herbicide was included in cover crop termination. Differences among herbicides were 
not observed for control of prickly sida and pitted morningglory. However, poor control of 
prickly sida (51%) and pitted morningglory (53%) was observed in the absence of a residual 
herbicide (Table 10).  
In treatments where a residual herbicide was not used, goosegrass control was 44% and 
significantly less than all treatments that included a herbicide (Table 10). In treatments that 
included a residual herbicide, goosegrass control ranged from 78% to 93% (Table 10). 
Pyroxasulfone plus fomesafen (93%) provided significantly greater goosegrass control than S-
metolachlor alone (78%). These data agree with Teasdale et al. (2003), who reported reduced 
grass weed control with metolachlor in combination with a cover crop. The reduced grass weed 
control is a direct result from reduced metolachlor concentration from the interference from hairy 
vetch residue (Teasdale et al. 2003). When comparing three chloroacetamides (acetochlor, S-
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metolachlor, and dimethenamid) and different rates of pyroxasulfone control of broadleaf 
signalgrass [Urochloa platyphylla (Nash) R.D. Webster] in a no tillage system, Mueller and 
Steckel (2011) reported similar control 45 d after treatment in the first year of the two-year 
study. In the second year, broadleaf signalgrass control with higher rates of pyroxasulfone, 209, 
250, and 332 g ai ha-1, was greater than the chloroacetamides. Additionally, in both years, 
broadleaf signalgrass control where pyroxasulfone applied at 125 g ai ha-1 was similar to 
observed control with acetochlor and dimethenamid at 1,740 and 1,500 g ai ha-1, respectively. 
However, broadleaf signalgrass control with 125 g ai ha-1 of pyroxasulfone was greater than S-
metolachlor at 1,420 g ai ha-1 (Mueller and Steckel 2011). In this research we utilized 120 g ai 
ha-1 of pyroxasulfone, which is the current labeled rate, in our pyroxasulfone-based treatments 
and observed no differences in goosegrass control were observed in the acetochlor, 
pyroxasulfone, S-metolachlor plus fomesafen, and acetochlor plus fomesafen treatments, similar 
to Mueller and Steckel (2011) (Anonymous 2018c). 
These data demonstrate that delaying cover crop termination can increase weed control of 
larger seeded broadleaves and grasses. The absence of a residual herbicide in cover crop 
termination applications resulted in poor control of prickly sida, pitted morningglory, and 
goosegrass. In regards to herbicides, differences in control were not observed among treatments 
for control of prickly sida or pitted morningglory (Table 10). A reduction in goosegrass control 
was observed in plots treated with S-metolachlor compared with pyroxasulfone plus fomesafen. 
However, control was greater in plots treated with S-metolachlor compared with plots where no 
herbicide was applied. 
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Group 15 herbicides are effective on grasses and small-seeded broadleaves, i.e. 
goosegrass and Palmer amaranth, respectively, but not effective on larger-seeded broadleaves 
such as morningglory spp. (Armel et al. 2003). Grey et al. (2002) reported flumioxazin, a group 
14 herbicide, plus metolachlor increased morningglory spp. control in peanut (Arachis hypogaea 
L.). The utilization of multiple sites of action is beneficial for weed control in cover crop residue. 
Conversely, if residual weed control in cover crop residue is solely reliant on the weed spectrum 
of control provided by a Group 15 herbicide, scouting for larger-seeded broadleaf weeds will be 
necessary as sequential POST applications may be warranted. 
Effect of cover crop termination timing and herbicide on soybean development and yield 
Soybean stand counts collected 14 DAP were significantly affected by termination timing 
(Table 11). Soybean population in cover crop terminated at planting was higher than termination 
14 DAP, 223,571 plants ha-1 and 220,357 plants ha-1, respectively (Table 11). However, these 
differences in population dissipated at 28 DAP and soybean stand counts were not affected by 
termination timing or herbicide (Table 11). These data are in agreement with Montgomery et al. 
(2017) who reported similar soybean stand counts amongst five termination timings that ranged 
from 14 d prior to planting until 14 DAP. 
 The interaction or main effects of termination timing and herbicide were not significant 
for soybean height at 14 DAP (Table 11). Soybean heights at 28 DAP were also not affected by 
the interaction of termination timing and herbicide. However, the effect of termination timing 
was significant (Table 11). Soybean growing in the cover crop terminated at planting were, on 
average, 1.6 cm taller plants where the cover crop was terminated 14 DAP.  
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 Soybean yield was not affected by the interaction of termination timing and herbicide or 
the main effect of termination timing (Table 11). The main effect of herbicide, however, was 
significant (Table 11). Soybean yield, with respect to herbicides, ranged from 2,820 to 3,240 kg 
ha-1 (Table 11). Plots where no residual herbicide was applied yielded, 2,820 kg ha-1, less than 
soybeans in plots treated with S-metolachlor, S-metolachlor plus fomesafen, acetochlor, and 
acetochlor plus fomesafen where yields were 3,150, 3,190, 3,240, 3,140 kg ha-1, respectively 
(Table 11). Soybean yields from treatments with acetochlor were greater than yields observed in 
treatments with pyroxasulfone, 2,950 kg ha-1. Yield from pyroxasulfone plus fomesafen 
treatments, 2,970 kg ha-1, was similar to all treatments, including plots treated with no residual 
herbicide (Table 11).  
Soybean yield in this research was directly related to the level of Palmer amaranth control 
provided by acetochlor-based treatments (Table 9; Table 11). Similar yields were observed 
between both S-metolachlor-based treatments and acetochlor-based treatments. The similarity in 
yield would appear to reflect Palmer amaranth control from these treatments. However, Palmer 
amaranth control with S-metolachlor and S-metolachlor plus fomesafen was less than control 
provided from acetochlor and acetochlor plus fomesafen, and this was reflected in yield (Table 
9). This indicates the importance of selecting the correct residual herbicide utilized in cover crop 
termination that can provide both consistent Palmer amaranth control and maximum soybean 
yield. 
 In summary, Palmer amaranth control observed in these data were variable when 
compared to those reported in similar studies recently conducted in Tennessee (Montgomery et 
al. 2017; Wiggins et al. 2015; Wiggins et al. 2016). Wiggins et al. (2015) concluded cover crops 
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provide early-season weed control; however, a POST herbicide application is necessary for 
season-long weed control in corn. In a study integrating PRE herbicides with cover crops in 
cotton, PRE herbicides provided control of Palmer amaranth up to 21 DAA in both cover and 
non-cover crop treatments (Wiggins et al. 2016). However, Wiggins et al. (2016) results also 
showed that POST applications were necessary 28 DAA because there was no difference in 
control of Palmer amaranth with a PRE herbicide in cover crop compared to non-cover crop 
treatments. In soybeans, Montgomery et al. (2017) reported an increase in Palmer amaranth 
suppression if termination timing of the cover was delayed until after planting. Likewise, in this 
research soybeans planted into a green cover crop coupled with commonly used residual 
herbicides used in current soybean production, provided consistent Palmer amaranth control and 
soybean yield. However, growers should be aware of possible pests such as insects when 
delaying termination until after planting (Copeland et al. 2018). The ability to plant DGT 
soybeans into a green cover crop and terminate after planting gives growers flexibility in 
managing cover crops and Palmer amaranth.  
It has been well documented that in the absence of a residual herbicide in a cover crop, 
weed control is inconsistent (Teasdale et al. 2005; Wiggins et al. 2016). These results show that a 
wheat + crimson clover cover crop terminated 14 DAP with glyphosate plus dicamba, when 
pooled across herbicides, delayed Palmer amaranth growth to 10 cm in height by 71 days. 
Moreover, herbicide treatments that included the microencapsulation of acetochlor provided 
consistent Palmer amaranth control throughout the soybean-growing season and greater soybean 
yield. These findings would suggest that reformulating other residual herbicides could potentially 
improve their weed control in cover crops. Previous research has demonstrated that the 
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dissipation and half-life of herbicide can vary in a no-tillage system (Mueller and Steckel 2011). 
Mueller and Steckel (2011) reported the order of dissipation and half-life in the two-year study 
as acetochlor (3.5, 5 d) > dimethenamid (5, 9 d) > S-metolachlor (8.8, 27 d) > pyroxasulfone 
(8.2, 71 d). However, these herbicide concentrations were poorly correlated between weed 
control reported and chemically determined herbicide concentrations at 45 d after treatment 
(Mueller and Steckel 2011). Exploring the relationship between heavy cover crop residues and 
residual herbicide formulation may help explain differences in Palmer amaranth control reported 
in this study.  
Finally, given the interest in delaying cover crop termination in GDT soybeans, producers 
should terminate with glyphosate plus dicamba plus a residual herbicide that offers at least two 
effective herbicide sites of action to maximize Palmer amaranth control. However, Montgomery 
et al. (2017) reported that at least one POST application of glyphosate plus dicamba plus and 
additional herbicide SOA may be needed for season-long Palmer amaranth control in cover crops 
terminated after planting (Montgomery et al. 2017). Overall, cover crops are effective for weed 
control in soybeans and ultimately reduce the number of POST herbicide applications, thereby, 
reducing selection pressure for resistance management.  
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Appendix 
Table 7. Herbicide common and trade names, application rates, and registrant information 
for treatments evaluating cover crop termination and residual herbicides on Palmer 
amaranth control in Roundup Ready Xtend® soybeans at the West Tennessee Research and 
Education Center in Jackson, TN in 2017 and 2018.a,b 
 
Common name 
 
Trade name 
 
Ratea 
 
Manufacturer 
glyphosate Roundup 
PowerMax® 
1260b Monsanto Company, St. Louis, MO 
dicamba XtendiMax® 560b Monsanto Company, St. Louis, MO 
S-metolachlor Dual 
Magnum® 
1060 Syngenta Crop Protection, Greensboro, 
NC 
Microencapsulated 
acetochlor 
Warrant® 1260 Monsanto Company, St. Louis, MO 
S-metolachor plus 
fomesafen 
Prefix® 1060 plus 
270, 
respectively 
Syngenta Crop Protection, Greensboro, 
NC 
Microencapsulated 
acetochlor plus 
fomesafen 
Warrant 
Ultra® 
1260 plus 
270, 
respectively 
Monsanto Company, St. Louis, MO 
pyroxasulfone Zidua® 120 BASF Crop Protection, Research 
Triangle Park, NC 
fomesafen Flexstar® 270 Syngenta Crop Protection, Greensboro, 
NC 
a Rate in g ai ha-1. 
b Rate in g ae ha-1 
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Table 8. Monthly rainfall during soybean-growing season for studies evaluating cover crop 
termination and residual herbicides on Palmer amaranth control in Roundup Ready 
Xtend® soybeans at the West Tennessee Research and Education Center in Jackson, TN in 
2017 and 2018.a 
 Rainfall (mm) 
 
Year 
 
May 
 
Jun 
 
Jul 
 
Aug 
 
Sept 
  
2017 133 48 100 89 148 
2018 113 180 108 73 74 
a Soybean planting dates were May 8, 2017 and May 10, 2018. 
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Table 9. Control of Palmer amaranth 28 DAP, at R1 soybean growth stage, and at soybean 
canopy closure and number of days until Palmer amaranth can reach 10 cm in height as 
affected by cover crop termination timing and herbicide averaged over 2017 and 2018.a,b,c 
  
 Palmer amaranth   
No. of 
days 
Source  28 DAP R1 Canopy  
  ---------------%---------------  
Termination  At planting 87b 51b 59 49b 
Timing 14 DAP 95a 66a 65 71a 
 P-value 0.0090 0.0002 0.0994 <.0001 
Herbicide No Herbicide 53b 8d 17d 33c 
 S-metolachlor 92a 45c 54c 38c 
 acetochlor 99a 82ab 88a 84ab 
 pyroxasulfone 96a 46c 51c 45c 
 S-metolachlor plus 
fomesafen 
97a 69b 71b 48c 
 acetochlor plus 
fomesafen 
99a 86a 89a 98a 
 pyroxasulfone plus 
fomesafen 
96a 77ab 71b 71b 
 P-value <.0001 <.0001 <.0001 <.0001 
Termination 
Timing*Herbicide 
 
   
 
At planting No Herbicide 34c 10 11 30f 
 S-metolachlor 88a 46 51 32f 
 acetochlor 99a 73 72 79bcd 
 pyroxasulfone 94a 30 39 35f 
 
S-metolachlor plus 
fomesafen 97a 
57 56 45ef 
 
acetochlor plus 
fomesafen 99a 
78 82 69cde 
 
pyroxasulfone plus 
fomesafen 96a 
66 71 38f 
14 DAP No Herbicide 72b 21 20 37f 
 S-metolachlor 97a 44 48 39f 
 acetochlor 99a 91 95 89bc 
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Table 9 (continued)      
      
  
 Palmer amaranth   
No. of 
days 
Source  28 DAP R1 Canopy  
  ---------------%---------------  
Termination 
Timing*Herbicide 
     
14 DAP pyroxasulfone 99a 62 63 54def 
 S-metolachlor plus 
fomesafen 98a 
81 76 52ef 
 acetochlor plus 
fomesafen 99a 
95 93 128a 
 pyroxasulfone plus 
fomesafen 99a 
87 81 104ab 
 P-value 0.0065 0.0840 0.1869 0.0006 
a Means within a column followed by the same letter are not significantly different at P≤0.05. 
b Abbreviations: DAP, Represents d after planting; Canopy, Represents soybean canopy closure; 
NS, not significant; No. of days, number of days until Palmer amaranth reaches 10 cm in height. 
c Acetochlor is formulated within a micro-encapsulation. 
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Table 10. Control of prickly sida, pitted morningglory, and goosegrass at R1 soybean 
growth stage as affected by cover crop termination timing and herbicide averaged over 
2017 and 2018.a,b,c 
 
Source 
  
prickly sida 
pitted 
morningglory 
 
goosegrass 
  ----------------------%---------------------- 
Termination Timing At planting 77b 80b 76b 
 14 DAP 88a 87a 85a 
 P-value 0.0017 0.0445 0.8222 
Herbicide No Herbicide 51b 53b 44c 
 S-metolachlor 80a 83a 78b 
 acetochlor 92a 92a 87ab 
 pyroxasulfone 90a 91a 87ab 
 S-metolachlor plus 
fomesafen 
88a 91a 88ab 
 acetochlor plus 
fomesafen 
88a 90a 87ab 
 pyroxasulfone plus 
fomesafen 
89a 86a 93a 
 P-value <.0001 <.0001 <.0001 
Termination 
Timing*Herbicide 
 
   
At planting No Herbicide 43 44 38 
 S-metolachlor 70 77 67 
 acetochlor 90 89 85 
 pyroxasulfone 86 90 84 
 S-metolachlor plus 
fomesafen 
85 88 83 
 acetochlor plus 
fomesafen 
82 90 82 
 pyroxasulfone plus 
fomesafen 
84 82 91 
14 DAP No Herbicide 89 61 50 
 S-metolachlor 91 89 93 
 acetochlor 95 94 90 
 pyroxasulfone 93 93 90 
 S-metolachlor plus 
fomesafen 
90 94 93 
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Table 10 (continued)     
     
 
Source 
  
prickly sida 
pitted 
morningglory 
 
goosegrass 
  ----------------------%---------------------- 
Termination 
Timing*Herbicide 
    
14 DAP acetochlor plus 
fomesafen 
94 89 92 
 pyroxasulfone plus 
fomesafen 
93 91 94 
 P-value 0.8441 0.8816 0.8222 
a Means within a column followed by the same letter are not significantly different at P≤0.05. 
b Abbreviations: DAP. Represents d after planting; NS, not significant. 
c Acetochlor is formulated within a micro-encapsulation. 
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Table 11. Soybean stand counts and heights 14 and 28 DAP and yield as affected by cover 
crop termination timing and herbicide averaged over 2017 and 2018.a,b,c 
  Stand Counts Plant Height Yield 
Source  14 
DAP 
28 
DAP 
14 
DAP 
28 
DAP 
 
  plants ha-1 ----cm---- kg ha-1 
Termination  At planting 233,571a 231,964 9.1 20.9a 3090 
Timing 14 DAP 220,357b 225,000 8.8 19.3b 3040 
 P-value 0.0400 0.2131 0.2114 <.0001 0.4307 
Herbicide No Herbicide 240,625 242,500 8.6 20.2 2,820c 
 S-metolachlor 226,875 231,875 9.1 20.1 3,150ab 
 acetochlor 231,250 221,875 9.1 20.4 3,240a 
 pyroxasulfone 210,000 221,875 8.9 19.9 2,950bc 
 S-metolachlor 
plus 
fomesafen 
230,625 230,625 9.1 21.2 3,190ab 
 acetochlor 
plus 
fomesafen 
218,125 222,500 8.9 19.6 3,140ab 
 pyroxasulfone 
plus 
fomesafen 
231,250 228,125 9.2 19.3 2,970abc 
 P-value 0.2131 0.2535 0.8209 0.0722 0.0386 
Termination 
Timing*Herbicide 
 
     
At planting No Herbicide 238,750 242,500 8.8 21.1 2,910 
 S-metolachlor 247,500 236,250 9.2 21.1 3,110 
 acetochlor 243,750 225,000 9.4 21.4 3,290 
 pyroxasulfone 220,000 232,500 8.9 20.0 3,000 
 S-metolachlor 
plus 
fomesafen 
223,750 232,500 9.0 22.2 3,280 
 acetochlor 
plus 
fomesafen 
227,500 223,750 9.1 20.7 3,100 
 pyroxasulfone 
plus 
fomesafen 
233,750 231,250 9.4 19.6 2,960 
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Table 11 (continued)       
       
  Stand Counts Plant Height Yield 
Source  14 
DAP 
28 
DAP 
14 
DAP 
28 
DAP 
 
  plants ha-1 ----cm---- kg ha-1 
Termination 
Timing*Herbicide 
      
14 DAP No Herbicide 242,500 242,500 8.5 19.4 2,720 
 S-metolachlor 206,250 227,500 8.9 19.1 3,180 
 acetochlor 218,750 218,750 8.7 19.5 3,190 
 pyroxasulfone 200,000 211,250 9.0 19.8 2,910 
 S-metolachlor 
plus 
fomesafen 
237,500 228,750 9.2 20.3 3,090 
 acetochlor 
plus 
fomesafen 
208,750 221,250 8.7 18.6 3,180 
 pyroxasulfone 
plus 
fomesafen 
228,750 225,000 8.9 19.1 2,970 
 P-value 0.2968 0.9434 0.9112 0.5693 0.9300 
a Means within a column followed by the same letter are not significantly different at P≤0.05. 
b Abbreviations: DAP. Represents d after planting; NS, not significant. 
c Acetochlor is formulated within a micro-encapsulation. 
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Figure 8. Palmer amaranth height at the R1 soybean growth stage as affected by (A.) 
termination timing, p = <.0001 and (B.) herbicide, p = 0.0118. Data were averaged over 
2017 and 2018. 
*Acetochlor is formulated within a microencapsulation. 
  
A. 
B. 
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Figure 9. Number of Palmer amaranth at the R1 soybean growth stage as affected by 
herbicide (p=0.0002). Data were averaged over 2017 and 2018. 
*Acetochlor is formulated within a microencapsulation. 
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CHAPTER V: DELAYED COVER CROP TERMINATION WITH 
COMBINATIONS OF MICROENCAPSULATED ACETOCHLOR, 
GLUFOSINATE, AND CLETHODIM FOR CONTROL OF PALMER 
AMARANTH IN LIBERTY LINK® SOYBEANS 
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Abstract 
 
Field studies to evaluate delayed cover crop termination options that include residual herbicides 
for control of Palmer amaranth in glufosinate tolerant (Liberty Link®) soybeans was conducted 
in Tennessee in 2017 and 2018. Treatments of glufosinate alone or glufosinate plus clethodim 
plus a residual herbicide, microencapsulated acetochlor alone, microencapsulated acetochlor plus 
fomesafen, or no residual herbicide, were applied 14 d after soybeans were planted into a living 
winter wheat and crimson clover cover crop. Palmer amaranth control was significantly 
influenced by the main effect of residual herbicide 28 DAP, at R1 soybean growth stage, and at 
soybean canopy closure. Palmer amaranth control 28 DAP was > 99% with microencapsulated 
acetochlor or microencaopsulated acetochlor plus fomesafen were applied. Additionally, Palmer 
amaranth control was > 60% at 28 DAP in plots not treated with a residual herbicide. The 
greatest number of days until Palmer amaranth reached 10 cm in height occured in plots treated 
with acetochlor plus fomesafen (99 d). Furthermore, utilizing microencapsulated acetochlor plus 
fomesafen suppressed Palmer amaranth 20 more days than microencapsulated acetochlor alone. 
Soybeans yields were not affected by any of the treatments in this study. These data demonstrate 
that terminating a cover crop 14 DAP soybeans with glufosinate-based treatments plus a residual 
herbicide can maximize Palmer amaranth control and reduce POST herbicide applications 
without affecting soybean growth and yield. 
  
105 
 
Introduction 
 
Documentation of protoporphyrinogen oxidase (PPO)-resistant Palmer amaranth 
(Amaranthus palmeri S. Wats.) in the US has recently increased the concern of sustaining weed 
management in soybean [Glycine max (L.) Merr.] production (Copeland et al. 2018a; Heap 
2018; Varanasi et al. 2017; Ward et al. 2013). Currently, crops tolerant to glufosinate, dicamba, 
or 2,4-D provide a POST herbicidal option for control of PPO-resistant Palmer amaranth (Salas 
et al. 2016). Multiple herbicide sites of action resistance and the prolific behavior of Palmer 
amaranth threatens a producer’s ability to solely manage this pest with chemical control 
measures (Heap 2018). Successful weed management strategies often integrate cultural, 
mechanical, and chemical methods of control.  
Cover crops can reduce weeds by inhibiting weed germination by allelopathy and 
reduction of light and temperature (Blackshaw et al. 2001; Davies and Liedman 2003; Teasdale 
and Mohler 1993; Yenish et al. 1995). Palhano et al. (2017) reported the use of cereal rye (Secale 
cereal L.) as a cover crop reduced Palmer amaranth emergence by 83% in cotton (Gossypium 
hirsutum L.). Management factors such as planting date, seeding rate, and termination date of 
cover crop can affect weed biomass and weed germination rates (Ryan et al. 2011). Research has 
shown that higher seeding rates and earlier planting dates of cover crops can increase weed 
control (Mirsky et al. 2011; Ryan et al. 2011). However, timing of cover crop termination can 
also affect weed density (Mirsky et al. 2011).  
Termination of cover crops is essential for success of the subsequent cash crop. Lack of 
cover crop control can inhibit soil drying and reduce soybean yield by delaying crop emergence 
(Cornelius and Bradley 2017). With recent release of glyphosate and dicamba tolerant soybeans 
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(Roundup Ready 2 Xtend®, Monsanto, St. Louis, MO), grass and legume cover crop species 
terminated before and after soybean planting can be effectively controlled with a glyphosate plus 
dicamba (Cornelius and Bradley 2017; Montgomery et al. 2017; Palhano et al. 2017). Likewise, 
terminating cover crops later in the growing season has shown to decrease weed densities of 
broadleaf and grassy weeds (Mirsky et al. 2011). Delaying termination of cover crop species 
allows for greater biomass production resulting in weed suppression longer during the growing 
season (Coulter and Nafzinger 2007). With cover crop acreage on the rise, producers can 
complement the weed control provided from a cover crop by integrating different management 
tactics (Montgomery et al. 2017; Palhano et al. 2017). Approximately 39% of growers planted 
into living cover crops according to a recent survey (SARE 2017). This survey also stated that 
61% of farmers who planted green reported improved weed control.  
Mirsky et al. (2011) consistently reduced summer annual weed populations, regardless of 
weed species, by delaying cover crop termination. Thus, utilization of a cover crop can provide 
early-season weed control and reduce selection pressure for herbicide resistance by reducing the 
number of POST applications needed in-season for Palmer amaranth (Cornelius and Bradley 
2017; Montgomery et al. 2017; Palhano et al. 2017; Reddy 2003; Wiggins et al. 2016). However, 
larger-seeded broadleaves and some grasses are not as sensitive to cover crop mulches (Teasdale 
and Mohler 1993). Data is lacking on utilization of residual herbicides in delayed cover crop 
termination applications for general weed control. Options for delayed cover crop termination in 
glufosinate-tolerant soybeans have not been evaluated. Therefore, the objectives of this research 
were to evaluate delayed cover crop termination options combined with residual herbicides for 
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control of Palmer amaranth, and to determine any effects on glufosinate-tolerant soybean 
development and yield. 
Materials and Methods 
 
Field experiments were conducted in 2017 and 2018 at the West Tennessee Research and 
Education Center in Jackson, TN (35.6330 N, -88.8597 W) to evaluate delayed cover crop 
termination options for weed control of Palmer amaranth. Palmer amaranth at this location has 
been confirmed resistant to both glyphosate and ALS-inhibiting herbicides (data not shown). The 
experiments were conducted on a Lexington silt loam soil type. The experimental design was a 
factorial arrangement of treatments within a randomized complete block design, with factor A 
consisting of four cover crop termination treatments and factor B consisting of three levels of 
residual herbicide (Table 1). Four replications were used for each treatment with plot sizes of 2.3 
by 9.1 m consisting of three soybean rows with a 76 cm row spacing. Both experiments were 
conducted under dryland conditions and rainfall accumulation data are shown in Table 2. Both 
years a cover crop of wheat (Triticum aestivum L.) and crimson clover (Trifolium incarnatum L.) 
was seeded 2.5 cm deep at 67 and 17 kg ha-1, respectively. The cover crop was planted 
November 14, 2016 and October 25, 2017 using an 8-row Tye Drill with 19 cm row spacing 
(AGCO, Duluth, GA).  
 Pioneer 43T14 L (DuPont Pioneer, Johnston, IA) , a glufosinate-tolerant soybean variety, 
was planted with a four-row planter (John Deere 1700 MaxEmerge, Deere and Company, 
Moline, IL) at a seeding rate of 345,000 seeds ha-1. Soybeans were planted on May 8, 2017 and 
May 8, 2018. Cover crop termination treatments included a residual herbicide with glufosinate 
alone or in combination with clethodim  and were applied 14 days after planting (DAP). These 
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treatments were co-applied with selected residual herbicides. Residual herbicide treatments 
included microencapsulated acetochlor alone and microencapsulated acetochlor plus fomesafen 
and were applied at rates shown in Table 12. A ‘no residual herbicide treatment’ was included to 
assess the impact of cover crop termination treatments on soybean growth and weed control. 
Treatments were applied using a CO2-pressurized backpack sprayer equipped with a 1.5 m 
handheld boom calibrated to deliver 140 L ha-1 at 193 kPa with three TTI 11003 nozzles (TeeJet 
Technologies, Springfield, IL) spaced 50 cm apart. Monthly rainfall amounts, application dates, 
and environmental conditions for the study both years are presented in Table 13 and 14. 
 It is recommended in POST herbicide labels for use in glufosinate-tolerant crops that 
Palmer amaranth be no more than 10 cm tall when applied (Anonymous 2018; Barnett et al. 
2013). Therefore, the number of days after planting until Palmer amaranth germinated and grew 
to 10 cm in height was monitored for each treatment. This variable will help determine how 
delaying cover crop termination and residual herbicides affected the speed of Palmer amaranth 
growth to 10 cm tall (Wiggins et al. 2016). Visual weed control assessments based on a range 
from 0 to 100% (0 = no control, 100 = complete control) were conducted 28 DAP, at the R1 
soybean growth stage (~ 45 DAP), and at soybean canopy closure (~ 65 DAP). When soybeans 
reached the R1 soybean growth stage, clethodim (Select Max®, Valent USA, Walnut Creek, CA) 
and cloransulam-methyl (FirstRate®, Dow Agrosciences, Indianapolis, IN) at 136 and 18 g ai ha-
1, respectively, were applied. The R1 herbicide application was included to remove other grasses 
and broadleaf weeds, with the exception of Palmer amaranth. Immediately, prior to the R1 
herbicide application, visual control was assessed for pitted morningglory (Ipomoea lacunosa 
L.), prickly sida (Sida spinosa L.), and goosegrass (Eleusine indica L.). Therefore, after the R1 
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herbicide application only visual Palmer amaranth control and the number of days until 10 cm 
tall Palmer amaranth were recorded. Palmer amaranth density, and heights were recorded at the 
R1 soybean growth stage. Palmer amaranth density was measured in a random 0.5 m-2 quadrat in 
each plot. Palmer amaranth heights were determined by measuring the height of five Palmer 
amaranth per plot, if present. Soybean stand counts were recorded 28 DAP. Soybean heights 
were measured using an average of ten plants plot-1 14 and 28 DAP. Soybeans were harvested 
from this trial during both years of the study from rows one and two using a combine adapted for 
small-plot harvesting. Grain weights were recorded from each plot and later adjusted for 
moisture to 13.5%. 
 All data were subjected to an analysis of variance using PROC Glimmix in SAS (ver. 9.4; 
SAS Institute; Cary, NC). The DANDA.sas design and analysis macro collection (Saxton 2013) 
was used to construct all PROC Glimmix (MMAOV) procedures. Termination timing and 
herbicide were considered fixed effects and replication was considered a random effect. No 
interactions were observed between year, termination timing, and herbicide for any variable; 
thus, year was also considered a random effect. Additionally, considering year or location an 
environmental or random effect permits inferences about treatments to be made over locations 
(Blouin et al. 2011; Carmer et al. 1989). Means were separated using Fisher’s protected LSD α = 
0.05. 
Results and Discussion 
Cover crop and Palmer amaranth control 
Data for cover crop control is not presented, as all treatments for termination of winter 
wheat and crimson clover provided 99% control 14 DAT. Glufosinate has not provided 
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consistent results in previous research (Cornelius and Bradley 2017; Palhano et al. 2017). In this 
study, termination applications were applied in optimal environmental conditions for glufosinate 
activity (Coetzer et al. 2001; Culpepper et al. 2013) (Table 14). In previous research, glufosinate 
was applied to cereal rye cover crops in early spring when temperatures were cooler, and was 
less effective (Palhano et al. 2018). These conditions are not conducive for consistent glufosinate 
activity (Coetzer et al. 2001). The addition of clethodim, regardless of glufosinate rate, could 
potentially increase cover crop control. However, Gardner et al. (2006) observed the potential 
antagonism on grass control with glufosinate and clethodim tank-mixes, although this was not 
observed in our study (Gardner et al. 2006).  
No significant interactions were observed between termination treatment and residual 
herbicide for Palmer amaranth control at 28 DAP, R1 growth stage, or at soybean canopy closure 
(Table 15). These results would suggest that the herbicide combinations used in this study had no 
additive or antagonistic effects on Palmer amaranth control. Palmer amaranth control was 
affected by the main effect of residual herbicide at 28 DAP, R1 growth stage, and canopy closure 
(Table 15). Palmer amaranth control ranged from 62% to 99% 28 DAP, when pooled across 
termination treatments (Figure 10A). Control was much better when acetochlor (99%) and 
acetochlor plus fomesafen (99%) were applied. Similar to the 28 DAP results, ~95% control of 
Palmer amaranth was observed at R1 and soybean canopy closure with acetochlor and acetochlor 
plus fomesafen (Figure 10B and 10C). However, control of Palmer amaranth in plots not treated 
with a residual herbicide was < 15% (Figure 10B and 10C). These results indicate that a wheat 
and crimson clover cover crop residual Palmer amaranth control will degrade to the point that it 
contributes little by first soybean flower.  
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Palmer amaranth plant height at the R1 soybean growth stage was significantly affected 
by residual herbicide. No interaction between termination treatment and residual herbicide was 
observed (Table 15). Palmer amaranth height, in the absence of a residual herbicide, was 17 cm 
and greater than Palmer amaranth heights in acetochlor (4 cm) or acetochlor plus fomesafen 
treatments (3 cm) (Figure 11A). Additionally, fewer Palmer amaranth were found in plots treated 
with acetochlor and acetochlor plus fomesafen (≤ 1 Palmer amaranth 0.5 m-2) compared with 
plots  that did not include a residual herbicide at cover crop termination (≥ 9 Palmer amaranth 
0.5 m-2) (Figure 11B). Klingaman and Oliver (1994) reported that Palmer amaranth at a density 
of 10 m-1 can cause a 68% soybean yield reduction. Thus, a residual herbicide should be used if 
producers delay cover crop termination. Wiggins et al. (2016) reported a 20% increase in Palmer 
amaranth control across multiple cover crop species alone. Though cover crop mulches can 
provide supplementary weed control, the addition of a residual herbicide can increase weed 
control (Cornelius and Bradley 2017; Moore et al. 1994; Wiggins et al. 2016).  
The number of days until Palmer amaranth reached 10 cm in height was not affected by 
an interaction between termination treatments and residual herbicide (Table 15). However, 
residual herbicides did reduce the number of days until Palmer amaranth reached 10 cm in height 
(Table 15). In the absence of a residual herbicide, the cover crop alone took 34 days until Palmer 
amaranth plants reached 10 cm in height (Figure 11C). In contrast, it took 99 d until Palmer 
amaranth reached 10 cm in height was observed in plots treated with acetochlor plus fomesafen 
(Figure 11C). Acetochlor alone provided 79 d of suppression and was significantly longer than 
the number of days provided by no residual herbicide (Figure 11C). Thus, the addition of 
fomesafen (adding a second site action) suppressed Palmer amaranth 20 days longer than 
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acetochlor alone. When managing difficult populations of Palmer amaranth, residual herbicides 
should contain at least two herbicide sites of action (Norsworthy et al. 2012). Furthermore, 
producers that utilize residual herbicides in cover crops should scout for emerging Palmer 
amaranth and other troublesome weeds and make at least one POST herbicide application to 
maximize Palmer amaranth control (Montgomery et al. 2017).  
Goosegrass, pitted morningglory, and prickly sida control 
No interactions between termination treatment and residual herbicide were observed for 
goosegrass, pitted morningglory, or prickly sida control at R1 (Table 16). However, control of 
these weed species was influenced by residual herbicide (Table 16). Control of goosegrass was 
poor (<8%) in plots that were not treated with a residual herbicide (Figure 12A). Goosegrass 
control in plots were a residual herbicide was significantly improved, ranging from 61% to 82%. 
Acetochlor plus fomesafen resulted in better goosegrass control than acetochlor alone (Figure 
12A). Previous research has shown that metolachlor concentration in the weed-seed-germination 
zone causes a reduction in grass weed control in cover crops (Teasdale et al. 2003). Poor control 
of pitted morningglory (20%) was observed in plots not treated with a residual herbicide at R1 
(Figure 12B). Similarly, much better control of pitted morningglory control was observed in 
plots treated with acetochlor (84%) and acetochlor plus fomesafen (85%) (Figure 12B). Prickly 
sida control at R1 was similar in plots treated with a residual herbicide and ranged from 92% 
(acetochlor) to 97% (acetochlor plus fomesafen) control (Figure 12C). Only 5% control was 
observed in plots not treated with a residual herbicide (Figure 12C). These data would are 
consistent with Mirsky et al. (2011) who reported that delaying cover crop termination can 
reduce densities of grasses and larger seeded broadleaves. However, other researchers have 
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shown that cover crop mulches are only marginally effective against some larger-seeded 
broadleaf weeds (Teasdale et al. 1993). 
Soybean response 
Soybean stand 28 DAP was not affected by termination treatment or residual herbicide 
(Table 17). However, soybean height was affected by residual herbicide and an interaction 
between termination treatment and residual herbicide was not observed (Table 17). Soybean 
heights at 28 DAP ranged from 19 to 21 cm, when pooled across termination treatments (Figure 
13). However, soybean plants were significantly shorter in plots treated with acetochlor plus 
fomesafen (19 cm) (Figure 13). Fomesafen can cause some injury to soybeans; however, 
soybeans in most cases compensate for the injury and yield will ultimately be unaffected (Beam 
et al. 2018; Harris et al. 2013; Kapusta et al. 1986; Wichert and Talbert 1993). Moreover, in 
research that evaluated soybean tolerance to sequential applications of micro-encapsulated 
acetochlor reports of crop injury were transient and  <10% (Jhala et al. 2015). There were no 
differences in stand denisity observed in our tests..  
Soybean yields ranged from 2,721 to 3,000 kg ha-1 among treatments in this study (data 
not shown). Main effects or their interaction did not affect yield (Table 17). Weed interference in 
this study was solely from Palmer amaranth after the R1 growth stage. Van Acker et al. (1993) 
indicated that weed control lasting up to 30 d after emergence was sufficient to avoid significant 
losses in soybean yield loss. Our data would support this, as in the absence of a residual 
herbicide, it took 34 d before Palmer amaranth reached 10 cm in height when the cover crop was 
terminated at 14 DAP (Figure 11). Montgomery et al. (2017) reported similar results where 
delaying termination of a wheat + hairy vetch cover crop until 14 DAP delayed Palmer amaranth 
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growth to 10 cm by 38 DAP. Even when delaying cover crop termination timely POST 
applications will be necessary for season-long weed control (Wiggins et al. 2016), particularly to 
control other weeds as done at R1 in this study and also to reduce the weed seed bank during 
subsequent years. Acetochlor plus fomesafen coupled with the delay weed growth from the cover 
crop maximized the number of days for Palmer amaranth to reach 10 cm in height to 99 d and 
provided ≥ 94% control of Palmer amaranth at soybean crop canopy (Figure 11). Indeed, the 
control observed in this treatment was likely adequate to avoid yield loss due to weed 
interference without the use of a POST herbicide application. For all other treatments, at least 
one POST application of glufosinate + an additional residual SOA should be made to maximize 
weed control when delaying cover crop termination until 14 DAP. 
Wheat and crimson clover cover crops provided up to 28 d residual Palmer amaranth 
control but provided little residual control of pitted morningglory, prickly sida or goosegrass. 
This study would suggest that glufosinate can be an effective burndown option for a wheat and 
crimson clover cover crop.  The tactic of delaying cover crop burndown until 14 DAP can 
increase Palmer amaranth control. A wheat and crimson clover cover crop by itself can provide 
some residual Palmer control during the vegetative stages of soybean maturity.  However, by the 
R1 soybean growth stage the cover crop is no longer providing effective Palmer amaranth 
control. Delayed cover crop termination until 14 DAP and co-applying fomesafen and 
encapsulated acetochlor can be highly effective Palmer amaranth control strategy. However, 
large seeded broadleaf weeds such as pitted morningglory and prickly sida, or significant 
infestations of goose grass will need additional weed management for consistent control.  
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Appendix 
Table 12. Herbicide application rates, trade names, and registrant information for 
treatments evaluating cover crop termination for Palmer amaranth control in Liberty 
Link® soybeans. 
Main Effect 
Treatments Application Rate Trade Names Manufacturer 
 g ai ha-1   
Termination    
glufosinate 600 Liberty® Bayer CropScience, 
Research Triangle Park, NC glufosinate 820 Liberty® 
glufosinate + 
clethodim 
600 + 280, 
respectively 
Liberty® + 
SelectMax® Bayer CropScience + 
Valent USA Corporation, 
Walnut Creek, CA glufosinate + 
clethodim 
820 + 280, 
respectively 
Liberty® + 
SelectMax® 
Residual    
None -- -- -- 
Microencapsulated 
acetochlor 
1260 Warrant® 
Monsanto Company, St. 
Louis, MO Microencapsulated 
acetochlor + 
fomesafen 
1260 + 270, 
respectively 
Warrant Ultra® 
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Table 13. Monthly rainfall during soybean-growing season in 2017 and 2018 studies 
evaluating cover crop termination for Palmer amaranth control in Liberty Link® 
soybeans.a 
 Rainfall (mm) 
 
Year 
 
May 
 
Jun 
 
Jul 
 
Aug 
 
Sept 
  
2017 133 48 100 89 148 
2018 113 180 108 73 74 
a Soybean planting dates were May 8, 2017 and May 10, 2018. 
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Table 14. Application dates and environmental conditions in studies conducted in 2017 and 
2018 evaluating cover crop termination for Palmer amaranth control in Liberty Link® 
soybeans.a 
 
Application Parameters 
 
2017 
  
2018 
    
Date 5/22/2017  5/24/2018 
Time 1430  1100 
Air Temperature (C) 27  27 
Soil Temperature (C) 27  24 
Relative humidity (%) 51  80 
Dew Presence No  Yes 
Soil Moisture Moderate  Moderate 
Cloud Cover (%) 30  ≤ 3 
a Applications were made 14 d after soybean planting. 
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Table 15. An analysis of variance p-values for Palmer amaranth control, heights, counts, 
and number of days until Palmer amaranth reaches 10 cm in height as affected by 
termination and residual herbicide, at the West Tennessee Research and Education Center 
in Jackson, TN, in 2017 and 2018.a,b 
 
Source 
 
28 DAP 
 
R1 
 
Canopy 
 
Heights 
 
Counts 
No. of 
days 
 ----------------%---------------- cm m-2  
Termination 0.8724 0.8711 0.9337 0.1387 0.3227 0.7931 
Residual <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
Termination*Residual 0.9642 0.6363 0.9426 0.6477 0.6477 0.9900 
a Abbreviations: DAP, represents d after planting; R1, represents the R1 soybean growth stage; 
Canopy, represents soybean crop canopy closure; No. of days, represents the number of days 
until Palmer amaranth reached 10 cm in height. 
b Palmer amaranth heights and counts were recorded at the R1 soybean growth stage. 
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Table 16. An analysis of variance p-values for goosegrass, pitted morningglory, and prickly 
sida control at the R1 soybean growth stage as affected by termination timing of cover crop 
and use of selected residual herbicides at the West Tennessee Research and Education 
Center in Jackson, TN, in 2017 and 2018. 
 
Source 
 
goosegrass 
 
pitted morningglory 
 
prickly sida 
 --------------------------%-------------------------- 
Termination 0.2795 0.1852 0.6581 
Residual <.0001 <.0001 <.0001 
Termination*Residual 0.7656 0.0559 0.4513 
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Table 17. An analysis of variance p-values for cover crop control, soybean stand, soybean 
height, and soybean yield stage as affected by termination and residual herbicides at the 
West Tennessee Research and Education Center in Jackson, TN, in 2017 and 2018.a 
 
Source 
 
Soybean Stand 
 
Soybean Height 
 
Yield 
 plants ha-1 ----cm---- kg ha-1 
Termination 0.6707 0.2344 0.8563 
Residual 0.4274 0.0029 0.8924 
Termination*Residual 0.7653 0.8096 0.8565 
a Soybean stand and height were accessed 28 d after planting 
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Figure 10. Control of Palmer amaranth as affected by residual herbicide 28 DAP (A.), at 
the R1 soybean growth stage (B.), and at soybean canopy closure (C.). Data were averaged 
over 2017 and 2018. 
* acetochlor in the form of a microencapsulated formulation.  
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Figure 11. Palmer amaranth height (A.) and living plants (B.) at the R1 growth stage as 
affected by residual herbicide. Data were averaged over 2017 and 2018. 
a Number of days until Palmer amaranth reaches 10 cm in height (C.) as affected by 
residual herbicide.  
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Figure 12. Goosegrass (A.), pitted morningglory (B.), and prickly sida (C.) control at the R1 
soybean growth stage as affected by residual herbicide. Data were averaged over 2017 and 
2018. 
* acetochlor in the form of a microencapsulated formulation.  
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Figure 13. Soybean height 28 DAP as affected by residual herbicide. Data were averaged 
over 2017 and 2018. 
* acetochlor in the form of a microencapsulated formulation. 
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CHAPTER VI: CONCLUSION 
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The overall objective of this research was to characterize and manage PPO- and -
glyphosate resistant Palmer amaranth. The first component of this research measured the degree 
of diversity among PPO-resistant Palmer amaranth biotypes in west Tennessee. The main 
objective was to identify the PPX2 mutations that confer PPO resistance in Palmer amaranth. 
This included mapping the distribution and prevalence among PPO-resistant Palmer amaranth 
biotypes in west Tennessee. Over 83% of fields infested with Palmer amaranth in west 
Tennessee were resistant to fomesafen. Furthermore, the ΔG210 and the R128G mutations that 
confer PPO resistance were found in the majority of plants that survived an application of 
fomesafen. Palmer amaranth populations that harbored both the ΔG210 and the R128G were 
found in 47% of the fields tested. Populations that harbor multiple PPX2 mutations have been 
reported to exhibit cross-resistance amongst WSSA Group 14 herbicides. These results would 
likely apply to west Tennessee populations with respect to Palmer amaranth’s ability to spread 
resistance and genetic similarities. This information could persuade growers to utilize integrated 
weed management strategies to avoid further herbicide resistance spread and development. 
The second component of this research evaluated how time of day affected the efficacy of 
herbicides applied to PPO-resistant (PPO-R) and PPO-susceptible (PPO-S) Palmer amaranth 
populations. These results will help producers understand the variability in POST herbicidal 
control of PPO-R Palmer amaranth. Results indicated that diphenyl ether herbicides provide ≤ 
20% control of PPO-resistant Palmer amaranth. Increased control was observed on both biotypes 
when glufosinate was applied at midday compared to at sunrise. Time of day effects on 
glufosinate were reduced when fomesafen was added to the tank mix on the PPO-S biotype, with 
no difference in control was observed between the two application timings. However, control of 
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the PPO-R biotype was not altered by applying glufosinate plus fomesafen. No differences in 
living PPO-R and PPO-S Palmer amaranth plants were observed in plots treated with paraquat 
plus metribuzin were observed in this study. This research suggested that the PPO-R biotype 
exhibited greater tolerance to three different herbicide modes of action. Furthermore, utilizing 
non-herbicidal control measures such as cover crops, row spacing, and crop rotation should be 
considered as well. 
The third component of this research evaluated the effects of cover crop termination and 
residual herbicides on control of Palmer amaranth in Roundup Ready Xtend® soybeans. The first 
goal of this study was to determine what effect, if any, delaying cover crop termination had on 
Palmer amaranth control. The second objective was to evaluate how the residual activity of 
selected herbicides for Palmer amaranth control is effected by cover crop termination timing. 
Results indicated that delaying cover crop termination until 14 DAP provided 38% greater 
control of Palmer amaranth 28 DAP. Furthermore, delaying cover crop termination until 14 DAP 
delayed Palmer amaranth growth to 10 cm 22 days longer than terminating at planting. The best 
Palmer amaranth control was observed with acetochlor plus fomesafen applied at the 14 DAP 
termination timing. Likewise, S-metolachlor plus fomesafen and pyroxasulfone plus fomesafen 
increased Palmer amaranth control. The results in this study indicated that when delaying cover 
crop termination until after planting Roundup Ready Xtend® soybeans, using dicamba + 
glyphosate plus residual herbicides with at least two different herbicide sites of action will 
successfully terminate the cover crop and maximize control of Palmer amaranth. 
The fourth component of this research was to evaluate delayed cover crop termination 
applications for control of the cover crop and Palmer amaranth in Liberty Link® soybeans. The 
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intent of this research was to evaluate rates of glufosinate, with clethodim and a residual 
herbicide for cover crop and Palmer amaranth control. Excellent control of the winter wheat and 
crimson clover cover crop was observed regardless of the termination treatment. Palmer 
amaranth control was strongly influenced by residual herbicide. The best Palmer amaranth 
control was achieved with acetochlor plus fomesafen, where Palmer amaranth growth to 10 cm 
in height was delayed until 99 DAP. This treatment suppressed Palmer amaranth 20 more days 
than microencapsulated acetochlor alone. Soybean yield was not affected by the treatments in 
this study. These results indicate that delaying cover crop termination until after planting can 
increase Palmer amaranth control and reduce POST herbicide applications. 
The overall goal of this research was to understand the distribution of PPO-resistant 
Palmer amaranth biotypes in west Tennessee and to evaluate an integrated Palmer amaranth 
management strategy. Overall, these studies will help growers determine 1) at what extent PPX2 
mutations exist in PPO-resistant Palmer amaranth populations in west Tennessee; 2) the control 
and implications of the time of day herbicides are applied to PPO-resistant Palmer amaranth; 3) 
the potential value for delaying cover crop termination until after planting and including residual 
herbicides to maximize Palmer amaranth control; and 4) the control of a cover crop and Palmer 
amaranth when glufosinate-based tank mixes that include a residual herbicide are utilized. 
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